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JOHN HOLT KAMP was spending more on gas than on 
fIlm, which posed a problem for him. 

John's a photographer. And he used to drive a truck. That 
big box he's leaning on is his bread and butter, and he takes it (and 
more) wherever the work happens to be. Which, on the average, 
means 750 miles from Monday morning to Friday night. 

Hoping to pay less for those miles, John shopped the small 
imports. But they just wouldnt do. Then he heard about us. So 
he came by; with all his stuff, and looked at a Saturn sedan . 

© 1991 Saturn Corporation. EPA-estimated MPG for the SLl automatic is 26 city/35 highway. John Holtkamp is pictured with a 1992 Saturn SLl. 
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(Our 60/40 split fold-down rear seatbacks, while a real mouthful 
to say, make it easy when you have more than a trunkful to haul.) 

On the weekends,  John hauls  animal feed.  Because the 
Holtkamps have a llama, eight miniature donkeys, and an emu. 

Since we didn't know what an emu was either, we �I 
asked, before meeting, if he wouldrit mind holding his emu S�N: 
while we took a picture of him and his Saturn. "Well;' John said ,  

" it's okay with me,  but emus don't really l ike that sort of thing:' 
A D I F F E R E N T  K I N D  Of C O M PA N Y. A D I F F E R E N T  K I N D  Of C A R .  

If you'd like to know more about Saturn, and our new sedans and coupe, please call us at 1-800-522-5000. 
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�---i While the engineering and architec
tural disciplines have always prized 

the elegant solution, there 
are times when brute 
strength is imperative. 

Introducing the Apple" 
700 and 

So much power in so little 
space. The Quadra 900 Quadra 900 computers. 
is just 18.6" high and fiis Awesomely powerful. 
comfortably next to YOUI' . . 
desk. The Quadra 700 fil� FeroCIOusly fast. But each IS 
comfortably on top of it. still very much a Macintosh. 

Up to twice as swift as any of their forebears, 
they're the first Macintosh computers to be 
built around the Motorola 68040, rated at 20 
MIPS and running at 25  MHz. A highly inte
grated design, the 040 combines the processor, 
math coprocessor, memory controller, and 
cache memory all onto one chip. 

More important than merely technical mea
surements, the Macintosh Quadra computers 
are totally harmonized systems. The hardware 
architecture, operating system, interface, periph
erals, and networking were all designed from 
the start to optimize the 040's power and work 
together smoothly as a single integrated system. 

Anyone using compute-intensive applica
tions -like 3-D modeling and stress analysis
will immediately appreciate the difference. 

Popular software packages like Infini-D, 
MicroStation Mac, and 
Virtus Walkthrough per
form more nimbly and 
Big just got biggm: The new 
Macintosh 21" Color Display gives 
you more drawing board to work 
on. Colors are vivid, focus is crisp, ..., 
brightness and contrast are high. 

Macintosh 
Quadra900 

·U·bill'ideo support for up 10 /6" mom1ors: 8·bill'ifleo support Jor up 10 2/ "  mom/ors. ·'here {lfe two I:tLIJ' 1l'(I)'S 10 do ;1. Simp(J' add an appliClllioll adled SofJPC, or oue oj lifO cards from Orange Micro. lhe ;\/(lc286 or Or({lIge386. © 1991 Apple Compuler. Illc. Am/e. Jbe 
Vir/liS Corp. Camera I image was created ill "t/l1Ii-D: InJini-D is a lrademark ofSpecu/ar llIlemaIiOlwl.lidOrbili.r imagewascreatedwithMicroSlalionMac:MicroSlalion is a registeredtrademarkoJ/3e1/lle).�).Slemslllc.anllllergraph ajfiliale. ORACLE is (/ registered 
Ins/ruments. wIllS (1/1(1/-2-3 are 'I!!!.islered trademarks oj WIllS Dere/opmen/ Corpora/ioll. SoftlY: is {{ registered trademark of Insigllul Solutions Inc. If'ordPeift!C/ is (/ registered trademark of WordPerfect Corp. BJ' the U't{J'. this ad was designed. �Jpese'. (wd otberu'/.sF 
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responsively than they ever did before. 
And because you do more than design and 

engineering, these computers also run thou
sands of Macintosh productivity programs like 
Lotus 1-2-3 and WordPerfect. Accounting pro
grams like Great Plains. Database programs 
like ORACLE and FoxBASE+lMac. And presen
tation programs like PowerPoint. 

rile Edit Ulew Preference Windows 

, 

In addition, RAM is expandable up to 20MB. 
The Quadra 900 is a standing tower of im

mense capacity with five NuBus expansion slots, 
SuperDrive, plus three additional half-height 
expansion bays for CD-ROM drives, magneto
optical disk drives, tape backups, or hard disk 
storage of over 1 gigabyte. RAM can be added up 
to 64MB. It also features a key lock, not only 

Because it's a Macintosh, extremely sophisticated pl'Ograms jar interior spatial emulation, 
3-D modeling, and C4D/C4M are eCMJi to use. Because it's a Macintosh Quadra, they've got the muscle to run nimbly 

and quickly. Pictured in action, Virtus WalkThl'Ough and Infini-D. 

Both Mac" Quadra models offer a generous 
array of expansion slots. Which you may never 
need since so much is already on board. 

That includes sound input and output 
ports. And high-performance 24 -bit color video 
controllers built onto the logic boards which will 
run any Apple and many third-party monitors� 
Saving both a slot and the cost of a video card. 
And both come with Ethernet. So you can move 
large CAD files around the office at warp speed. 

The Macintosh Quadra 700 is the same com
pact size as the popular Macintosh IIci. 

It also comes with a SuperDrive'" disk drive, 
two NuBus" slots, and a hard drive of up to 400MB. 

for security, but to protect against interruption 
of your long, compute-intensive jobs. 

Despite their unprecedented abilities, the 
Quadra computers are as easy to set up and use 
as every Macintosh and are capable of running 
not only thousands of Macintosh applications, 
but MS-DOS** programs as well. 

For the name of your nearest authorized 
Apple reseller, call 800-538-9696, extension 320. 

They'll be pleased to demonstrate a J.. 
power that has vaulted once again to 
new heights. The power to be your bese 

Introducing Macintosh Quadra. 
Apple /01(0. Mac. Mac/ufos/). fllld "The poU'er /0 be )'0/11' best" tire registered trademarks alld Jf{/ci!lIf1�b Quar/m {{nd SuperIJril'e (Ire trademarks of Apple Complller. Iflc. Frencb /Joor sera'1! II"{{S created tl'ith VirtllS WtllkTbrollgh: Virills Irtdk71Jrollxh is (/ tradell/ark of 
trademark a/Orade COrjJOm/ioll. Fo.rBAS£ +IMac is (/ registered Irademark of Fox j'ojtll'are. {I/c. Greal Plaills is a registered trademark a/Greal Plaills Sojltmre.illc . ..lIS-DOS (/1/d POU'crPoin/ (Ire registered trademark!; a/Microsoft CO/po NIiBlis i, (J tmd17t1a/"k oj7i!X(lS 
amted qllick�1' and ajJordab{l' IIsinp' .lfacill/osb persoNal computers. 
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Firearms, Violence and Public Policy 
Franklin E. Zimring 

Guns are the weapon of choice in more than 60 percent of the homicides 

committed annually in the u.s. Handguns in circulation now number more 

than 35 million. But many state and federal gun-control laws, such as the 1991 

Brady bill, may be misdirected. They do little to restrict access to those weapons 

that are most often implicated in violent crime and fatal accidents. 

The Nuclear Equation of State 
Hans Gutbrod and Horst StOcker 

The fiery death of an exploding star cannot be duplicated in any laboratory. 

Yet physicists know much about what happens to matter under such extreme 

conditions. Just as an equation can describe the states of water (solid, liquid, 

vapor) at various temperatures and pressures, so it can predict similar phases 

as matter breaks up into its ultimate constituents, quarks and gluons. 

Amyloid Protein and Alzheimer's Disease 
Dennis]. Selkoe 

In 1907 Alois Alzheimer observed deposits of "a peculiar substance" in brains 

from patients who had suffered from senile dementia. Whether these amyloid 

plaques are a cause or an effect of Alzheimer's disease has long been debated. 

The author cites evidence that in at least some forms of the disease the protein 

is a causative agent. Understanding how the plaques form may lead to treatments. 

SCIENCE IN PICTURES 

Chromoskedasic Painting 
Dominic Man-Kit Lam and Bryant W. Rossiter 

The well-known chemistry of black-and-white photography has an unexpected 

dimension. An artist has found a way to produce full-color paintings by controlling 

the size of the silver particles so that they scatter light in particular wavelengths. 

Microlasers 
jack L. jewell, james P. Harbison and Axel Scherer 

Compared with the transistors on a computer chip, the tiny red lasers in 

compact-disc players are clumsy behemoths. Researchers are closing the 

gap by making micron-scale lasers that promise eventually to be as minuscule 

as their electronic cousins. These efficient, low-power lasers may pave the way to 

optical computers and find applications from remote sensing to machine vision. 
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Cultured Cells for the Treatment of Disease 
Howard Green 

Replacing severely damaged skin with grafts obtained by growing a patient's own 

cells in the laboratory is now easing the painful and protracted healing of burns. 

The cell culture technique is also curing intractable ulcerations and may one day 

be applied to other tissues and organs, including blood vessels and liver cells. 

Genes, Peoples and Languages 
Luigi Lum Cavalli-Sforza 

Evidence for the African genesis of humanity now correlates on three major 

fronts. Family trees based on an exhaustive analysis of human genetics trace 

the divergence of languages during successive waves of migration by ancient 

peoples. Both are supported by the archaeological record. 

TRENDS IN ASTRONOMY 

Mirroring the Cosmos 
Corey S. Powell, staff writer 

When the Hale Telescope was completed in 1947, many astronomers believed it 

would be the largest ever built. But thick , rigid mirrors are being replaced by 

multifaceted reflecting surfaces, lightweight honeycombs and flexible sheets of 

glass. Combined with optical technologies that cancel out atmospheric distortion, 

the new telescopes promise the clearest and brightest view yet of the heavens. 

DEPARTMENTS 

Science and the Citizen 

The worrisome threats to Soviet 
nuclear safeguards .. . .  Scanning 
the skies for maverick asteroids .. . .  
Checkmate i n  223 moves . . . .  The 
single-atom switch . . . .  Are amphib
ians disappearing? .. PROFILE: Super
string guru Edward Witten. 

Science and Business 

Combating obesity with brain chem-
icals .. . .  Computer-aided ergonom-
ics . . . .  Transdermal diagnosis . . .  . 
The first new plastic in a decade .. . . 
Greening employment . . . .  THE ANA
LYTICAL ECONOMIST: Insuring the 
unthinkable. 

Letters 
The right way to draw a 
bow . . . .  Pilot VS. computer. 

50 and 100 Years Ago 
1941: Surgery through a 
tiny abdominal incision. 
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Coaxing colors from black-and
white photographic emulsions. 
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London's docks . . . .  Prehistoric 
Americans . . . .  illusions of India. 
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It's really quite easy. Just look for PCs that 
have a genuine Intel microprocessor inside. 
Either the Inte1386;M Inte1386 SX, Inte1386SL, 
Intel486™ or Intel486 SX microprocessor. 

Intel is the world's leader in micropro
cessor design and development. In fact, Intel 
introouced the very first microprocessor. So with 
Intel inside, you know you've got unquestioned 
compatibility and unparalleled quality. And you'll 

know you're getting the very best PC technology. 
So look for the Intel Inside symbol on ads for 

leading PCs. Or callSOO-54S-4725 for more informa
tion. It'll show you've got an eye for spotting the best. 

intel· 
The Computer Inside.™ 

Inte1386, Intel486 and the Intel Inside logo are trademarks ofImel Corporation. All rights reselVed. ©1991 Intel Corporation. 
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THE ILLUS TRAT I O N S  

THE COVER photograph shows the elegant 
simplicity of the dome housing the Keck 

Telescope on Mauna Kea in Hawaii . When 

it is completed early next year, Keck will 
be the largest optical telescope in the 

world (see "Mirroring the Cosmos," by 
Corey S. Powell , page 1 1 2). Keck is part 

of a new generation of sophisticated tele
scopes that will incorporate giant mirrors 

and advanced electronics to provide re

markably sharp, bright views of the heav
ens. Early results from these devices hint 
at an astronomical bonanza soon to come. 

Cover photograph © 1991 Roger Ressmeyer/Starlight 
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LETTERS TO THE EDITORS 

On Target 

"Early Bow Design and Construction," 
by Edward McEwen, Robert L .  Miller 
and Christopher A .  Bergman [SCIENTIF
IC AMERICAN, June], was enjoyable and 
educational, but it ignored a major 
component of the archery system of 
which the full recurve composite bow 
was one part: the thumb ring. 

In the Western system exemplified 
by the English longbow, the bowstring 
is drawn with the curled index, mid
dle and ring fingers. That technique is 
called the Mediterranean release. In con
trast, the Oriental archery system uses 
the Mongolian thumb lock. The thumb 
wraps around the string, and the index 
finger locks over the top of the thumb 
to produce a very strong hold. A ring 
worn on the thumb protects the flesh 
and provides a low-friction surface over 
which the string can slide. 

The omission of the Mongolian re
lease technique led to a mistake in the 
description of the cover painting. The 
side of the bow from which the arrow 
shoots is dictated by the release, not by 
the engineering of the bow. The arrow 
must be fired from the side toward 
which the curling fingers or thumb 
points. If you curl your right thumb in 
the Mongolian thumb lock , it points 
right. [The cover painting shows a Per
sian bow drawn by a right-handed ar
cher; the arrow is on the right side of 
the bow, in keeping with the Mongolian 
release.-the Editors] 

In my experience, both release sys
tems work well when used with either 
recurve or self-bows. Neither one works 
at all, however, with the arrow placed 
on the side opposite the release: the 
arrows spin end over end and fly off 
erratically. 

LARRy PENLAND 

Redding, Calif. 

In Truth, Beauty 

In his essay "The Poetry of Science" 
[SCIENTIFIC AMERICAN, July], John Tim
pane makes the kind of connections be
tween science and poetry that were also 
made by great minds of our century. Al
bert Einstein has been quoted as saying, 
"The most beautiful and most profound 
emotion we can experience is the sensa
tion of the mystical." In The Immense 

Journey, biologist Loren Eiseley wrote, 
"I have come to suspect that this long 
descent down the ladder of life, beauti
ful and instructive though it may be, 
will not lead us to the final secret .... It 
is only that somewhere among these 
seeds and beetle shells and abandoned 
grasshopper legs I find something that 
is not accounted for very clearly in the 
dissections to the ultimate virus or crys
tal or protein particle." 

BOB MCCANN 
Battle Ground, Wash. 

Science and Abortion 

Your readers deserve at least bare
bones evidence for John Horgan's ar
ticle "Exporting Misery" ["Science and 
the Citizen," SCIENTIFIC AMERICAN, Au
gust]. To link the U.S. refusal to fund 
abortion consulting and rising Third 
World abortion-related death rates, Hor
gan leans on conjectures from Planned 
Parenthood, the World Watch Institute, 
lobbyists and politicians. Yet he doesn't 
quite make the case that the problem is 
getting worse. He does not, for exam
ple, show or even claim that deaths are 
rising faster than population. He does 
not discuss what was happening to the 
relevant statistics before the Mexico City 
policy or what other factors might af
fect them. He does not even specify 
what it is that is rising. Is it the number 
of deaths or perhaps the ratio of abor
tion-related maternal deaths to all ma
ternal deaths? 

Horgan also gratuitously slams con
servative groups for discouraging re
searchers from contraceptive work . Let 
him weigh conservative pressure against 
the impact of liberal consumer group 
litigation on contraceptive research in 
this country. Is the French-made drug 
RU 486 unavailable in the U.S. because 
of conservative pressure or fear of U.S. 
liability laws? 

BRIAN C. ZIV 

Chicago, ill. 

It is appalling to see the U.S. govern
ment's hypocritical stance on human 
life and the downright irresponsible 
double standards that are the norm in 
U.S. policy-making. The policy of de
nying foreign aid to any organization 
that deals with abortion issues points 

10 SCIENTIFIC AMERICAN November 1991 

to the frightening and abhorrent level 
of gullibility and ignorance that pre
vails thanks to self-serving groups such 
as religious fundamentalists and anti
abortionists. Do these self-proclaimed 
guardians of "morality" know that the 
making of poliCies based on religious 
dogmas is a direct violation of the First 
Amendment? 

Thanks to this "morality," thousands 
of children will continue to be born 
every day to live in poverty and mis
ery and to suffer hunger, malnutrition, 
starvation and ignorance. Ignorance is 
what allows the symbiotic relation
ship between self-serving governments 
and the manipulative religious estab
lishment to exist and to perpetuate 
each other. 

LUIS A .  PuYOL 
San Francisco, Calif. 

Plane Truth 

Speaking as an airline passenger, I be
lieve there is one overwhelming reason 
why I would prefer to have a human pi
lot rather than a computer in ultimate 
control of an airliner ["Along for the 
Ride?" by Gary Stix; SCIENTIFIC AMERI
CAN, July]. No matter how sophisticat
ed the system, no matter how reliable, 
no matter how much quicker its reac
tions, a computer lacks an incentive to 
do the job right. A human pilot, on the 
other hand, has just as much riding on 
his level of performance as I do. 

JEFF STERLING 
Rockledge, Fla. 

ERRATA 

In "Antichaos and Adaptation," by Stu
art A. Kauffman [SCIENTIFIC AMERICAN, 
August], the basis for the estimate of the 
number of human genes is misstated 
on pages 83-84. The 100,000 figure is 
based on the diversity of RNA sequenc
es that are transcribed, not on the DNA 
content of the cells. Also, on the accom
panying graph, the zero on the axis la
beled "Number of Attractors and Cell 
Types" should be a one. 

In "Mind Reader," by Timothy Beards
ley ["Science and the Citizen," SCIENTIFIC 
AMERICAN, April ], the primary affiliation 
of Rodney L. Lowman is incorrect. He is 
the director of Career & Personal Devel
opment Laboratories in Houston. 
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DELCO ELEGRONICS 
GIVES YOu A SAFER, MORE SECURE PLACE 

To KEEP YOUR VALUABLES. 

HEAD-UP DISPLAY INSTRU MENTATION 
Lets you see how fast you're going, 
while keeping your eyes on the road. 

At Delco Electronics, we don't just design electronic 
products for Geos, Chevrolets, Pontiacs, Oldsmobiles, 
Buicks, and Cadillacs. 

We like to think we're also helping to bring you 
peace of mind. 

AIR BAGS 
Of ali the features we help provide, this 

is one we hope you'li never need. 

PASS-KE(SECURITY SYSTEM 
Reduces auto theft and helps lower 

insurance premiums. 

By making the family car a safer, more secure place 
for families. After ali, we know just what kind of valuables 
you put into it. 

Delco Electronics-driving the world in automotive 
technology. 

DelcolHecfroniC)) 
WORLD LEADER IN AUTOMOTIVE ELECTRONICS '" 

Subsidiary of GM Hughes Electronics 

(i/lI'J. 

� ©1991 Delco Ele(troni(s (orporotion. All Rights Reserved. 
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The £S300 Sports Sedan 

---- 1111 ----

Driver's-side airbag SRS 

B-speaker, lBO-watt audio 

California Walnut trim 

Anti-lock braking system 

Automatic climate control 

Remote-controlled entry 

Sound-dampened cabin 

17'\1 EXlIS 
� The Relentless Pursuit Of Perfection. 
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50 AND 100 YEARS AGO 

NOVEMBER 1941 

"The pilots who fly the big bombers 
over the Atlantic to Britain sometimes 
stay at 15,000 feet, or higher, the whole 
way over. It's 50 degrees below zero up 
there but the heated planes are com
fortable. Insidious, though, is the ef
fect of altitude: at first you don't recog
nize the dreamy, don't-care feeling as 
the higher centers of the brain gradual
ly cease functioning and you may wait 
too long before attaching the oxygen 
tube. One pilot, flying in winter at 20,-
000 feet to avoid icing, had to detach 
his tube and go back to help a passen
ger. When he returned to his seat he 
had to readjust his tube, a simple oper
ation. But he couldn't do it. The tube in 
his hand approached the socket -wa
vered away. That went on for five min
utes while they slipped down toward the 
dangerous icing level. Then the naviga
tor realized what was wrong and came 
to the rescue." 

"Dr. John G. Ruddock , Los Angeles 
surgeon, has perfected a device known 
as the Ruddock Peritoneoscope to study 
the organs within the abdominal cavity. 
First, a dull-pointed needle five inches 
long enables the surgeon to penetrate 
the abdomen and distend it with air. 
After withdrawal of the needle, a metal 
sheath containing a removable tip is in-

serted and a telescope is slid into the 
sheath. A tiny light is placed near the 
tip, ahead of the optical system. The 
surgeon simply scans his field through 
the tube and mirrors. Should tissues 
suspected of being diseased be encoun
tered, the surgeon sends down a pair 
of tiny forceps, eases the open forceps 
into the tissue, closes them with thumb 
scissors, and removes the specimen. 
If bleeding takes place, he touches a 
switch, sending high-frequency electric
ity down through the lower end of the 
forceps to coagulate the blood." 

"We have strong reasons to believe 
that the nuclear transformations by 
which the Sun's heat is maintained run 

so much faster with increased temper
ature that practically the whole ener
gy-liberation occurs in the hottest and 
densest part of the Sun, near its center; 
the rest of the Sun acts only as a nearly 
opaque envelope, which keeps the heat 
from escaping to the surface faster 
than it does." 

"Important among the developments 
which have made possible consistent 
broadcasting to far-distant countries is 
the beam or directional antenna. With 
this system it is possible to direct a fan
shaped beam of radio energy instead 
of broadcasting it to the four winds. 
The steerable antenna is of the great-

An electrostatic motor 
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est value in serving the areas centered 
around Rio de Janeiro and Buenos Air
es. These two areas, as viewed from 
New York, are 20 degrees apart and are 
the most important language areas of 
South America." 

NOVEMBER 1891 

"The Pittsburg Leader reports that 
the Hon. Henry Edwards, ex-member of 
the Pennsylvania Legislature, was seen 
running down the road minus hat, coat, 
and vest, and loudly calling for help. 
He was pursued by a mammoth hoop 
snake, which was running, or rather 
rolling, after him. The reptile had its 
tail in its mouth, and was rolling along 
hoop fashion. 

"In the SCIENTIFIC AMERICAN for No
vember 30, 1889, we gave an engraving 
and an interesting description of the 
hoop or milk snake. It will be seen from 
the information there given that the al
leged rolling of the hoop snake is an 
optical illusion. The snake gathers itself 
up into large loops, and pushes itself 
forward, all with such amazing rapidi
ty as to appear, to a frightened behold
er, as if it actually rolled. The mind of 
man is very easily deceived by false im
pressions made through the eye." 

"A curious instance of one poison 
killing another is reported from Yack
andandah, Victoria, where Dr. Mueller 
has recently administered strychnine in 
cases of snake bite. The two poisons 
are antagonistic, and the characteris
tic effects of the strychnine only show 
themselves after the venom has been 
neutralized. The first independent ac
tion of the drug is evinced by slight 
muscular spasms and the injections 
must then be discontinued, unless af
ter a time the snake poison reasserts it
self. So long as the latter is active the 
strychnine can be applied in quantities 
which would be fatal in the absence of 
the virus." 

"In the figure we have the static elec
tromotor in its most efficient form. It 
does actual work , and is here shown 
rotating a Geissler tube, which is light
ed by the same machine that furnished 
the power for the motor." 
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SCIENCE/SCOPE@ 

Precision-guided "Smart Weapons" played a vital role in Operation Desert Storm, many of which 
were designed and developed by Hughes Aircraft Company. These systems helped coalition forces 
identify enemy targets and defenses, and execute missions with pinpoint accuracy and minimum 
losses to troops. These weapons included airborne radar systems, tac�ical missiles, ground and 
naval systems, and infrared/laser systems for night vision and targeting. The lessons learned from 
Operation Desert Storm will help Hughes feed important information back into their development 
and production cycle to implement future improvements. 

Dual Spectrum fire sensors will be installed on operational aircraft for the first time, as a Hughes
built system has qualified for use aboard the Air Force's C-5 Galaxy military transport. The proven 
Dual Spectrum fire sensor can detect an explosion or fire in an enclosed space so quickly, a fire 
suppressant can be released before any damage occurs. The units, located in the pylon and nacelle 
of each engine, can be connected to warning panels on the flight deck and nitrogen purging systems 
on the aircraft. The sensors, which offer tremendous safety benefits to aircraft personnel, have long 
been used on tanks and other military vehicles, and more recently aboard civilian passenger buses. 

PC boards and hybrids can now be electronically trimmed and configured, thanks to a new family 
of nonvolatile, serially programmable (NSP) integrated circuits developed by Hughes. These NSP 

circuits enable designers to electronically calibrate PC boards and hybrids with test stations and 
computers. This automated procedure is a tremendous advantage over mechanical methods, which 
are less reliable and often difficult to perform. Presently, the new Hughes NSP family consists of 
nine types of devices. They all feature low-power consumption and redundant circuit techniques to 
ensure reliable operation and long life. 

Corporations in Great Britain now will be able to transmit data via rooftop satellite dishes instead 
of using their current terrestrial-based telecommunications systems. It's the result of British 
Telecom's new satellite business network using Hughes' Very Small Aperture Terminal technology. 
The satellite service provides business customers with high-quality data circuits to potentially 
thousands of remote sites throughout the U.K. and Europe. Supported applications include database 
access and downloading, reservations, stock transactions, credit card verifications, electronic mail, 
data broadcast, and business television. 

Hughes Environmental Systems, Inc. (HESI), needs environmental engineers, environmental planners, 
QA engineers, industrial hygienists, and managers at all levels. A subsidiary of Hughes Aircraft 
Company, HESI is rapidly becoming a full-service environmental management and remediation firm. 
We design and construct systems and implement programs in air quality/toxics, hazardous waste, 
wastewater treatment, and water supply. With a range of positions and facilities nationwide, we 
provide many challenging assignments and professional opportunities. If you're creative, ambitious, 
and have a BS/MS/Ph.D. in Environmental Engineering or a related field, send your resume to: 
HES!, Employment Department., Bldg. A-20, MS 2E264, P.O. Box 10034, Manhattan Beach, 
CA 90266-8534. U.S. Citizenship may be required. Equal opportunity employer. 

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

HUGHES 
© 1991 Hughes Aircraft Company Subsidiary of GM Hughes Electronics 
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SCIENCE AND THE CITIZEN 

Red Alert 

Who's controlling the world's 
largest nuclear arsenal? 

T he three days in August that 
Mikhail S. Gorbachev spent as a 
prisoner in the Crimea were the 

first time in history that nominal con
trol of nuclear weapons had been 
seized by force. That possibility, long 
envisaged in war games,  still came as 
a surprise when it actually happened. 
Now, with the plotters either dead or 
awaiting trial, U.S. nuclear strategists 
are trying to weigh the long-term im
plications of the events. 

Strategists in the U.S. want to know 
how many separate nuclear powers 
from the former Soviet Union they will 
have to deal with (the hoped for an
swer : one). A related question is how 
many republics would have the power 
to veto a nuclear attack by a new union 
(the hoped for answer : as many as pos
sible). Could Soviet nuclear weapons 
find their way into the international 
arms trade? And will the proposed new 
Union of Sovereign Republics maintain 
the strict controls that so far have pre
vented the unauthorized use of such 
weapons? Finally, could a new hard-line 
junta seize control? 

In retrospect, U.S. nuclear weapon 
experts have downgraded the initial 
crisis to a nuclear nonevent. Although 
the coup plotters took charge of the 
briefcase containing codes that Gor
bachev would use to launch a nuclear 
strike, Paul Bracken, a political scientist 
at Yale University, likens the "black 
bag" to the mace of medieval kings-a 
symbol of legitimacy that would have 
been of little use to the putschists. 

High-level officers in the military and 
the KGB-both of which have key roles 
in authorizing the use of strategic nu
clear weapons-remained loyal to Gor
bachev. General Yuriy P. Maksimov, the 
commander of the Strategic Rocket 
Forces,  went so far as to order mobile 
SS-2 5 missiles back to their bases dur
ing the coup, lowering attack readiness 
in order to reassure the U.S. And al
though U.S. sources disagree on the de
tails of the command and control sys
tem, all concur that the plotters proba
bly never had effective control. 

To outSiders ,  the most obviously 
threatening weapons are the offensive 

STILL A THREAT: Soviet missiles in Red Square. Photo: S. Salgado/Magnum. 

strategic forces-the nuclear sub
marines, bombers and intercontinental 
ballistic missiles that can attack distant 
targets directly. The Soviet Union was 
believed to have about 1 1,000 offensive 
strategic nuclear warheads. 

Although the great majority of the 
weapons are based in Russia, other re
publics have been host to a substantial 
proportion of the force. The Ukraine 
has been a base for SS-19s ,  older mis
siles now being eliminated under the 
Strategic Arms Reduction Treaty 
(START). It has also been a base for mul
tiple-warhead SS-24s .  Single-warhead 
mobile SS-2 5 s  have been based in 
Byelorussia and two fields of SS- 1 8s ,  
heavy missiles with 1 0  warheads apiece, 
are based in Kazakhstan. 

Yet even before the collapse of the 
Soviet Union, antinuclear sentiment 
was growing in Kazakhstan and the 
Ukraine, according to Bruce G. Blair, a 
senior fellow at the Brookings Institu
tion in Washington, D.C.  Ukrainians 
have been resentful of all things nu
clear since the Chernobyl disaster, and 
the Ukraine's declaration of sovereign
ty, issued in the swnmer of 1 990, states 
its intention to become a nuclear-free 
zone. Nevertheless ,  Ukrainian officials 
have started to backpedal, apparently 

angling for a larger say in future nucle
ar decisions. 

Kazakhstan's opposition to Soviet 
nuclear forces was as strong. The re
public announced its intention to close 
the nuclear test site at Semipalatinsk 
two years ago and is now demanding 
reparations for health problems the 
site supposedly caused. Kazakhstan's 
antinuclear stance was tacitly recog
nized in START, which includes a provi
sion allowing SS- 1 8s from Kazakhstan 
to be rehoused in silos in Russia. 

Yet Kazakhstan may also be having 
second thoughts about forsaking its 
weapons. The republic has a long-run
ning border dispute with Russia and 
controls access to some SS- 1 8  sites in 
Russia, which could tempt Kazakh pres
ident Nursultan A. Nazarbayev to use 
them for political leverage. Indeed, Naz
arbayev has reportedly declared that 
Kazakhstan will not allow "any other 
entity" to have control of weapons on 
Kazakh territory. Even so, Blair thinks 
the Kazakhs as well as the Ukrainians 
will eventually realize that their politi
cal interests are not well served by 
striving to become independent nucle
ar republics .  Byelorussia has also is
sued a nuclear-free declaration. 

U.S. analysts seem confident there is 
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Strategic Missile Sites in the Soviet Union 

SOURCE: Defense Intelligence Agency 

almost no chance of an independence
minded republic seizing control of 
strategic weapons, whether they are re
turned to Russia or not. The weapons 
have sophisticated "permissive-action 
links" that prevent their use unless the 
correct series of codes are inserted. Nu
clear bombers and submarines have 
similar checks. 

The codes have to come through spe
cial channels from both political and 
military central commands, and further 
physical safeguards (such as sensors 
that trigger disabling devices) protect 
the integrity of the weapons. By Blair's 
account, given in testimony to Congress, 
the safeguards in the Soviet strategic 
control system are more impressive 
than their U.S. equivalents [see "Acci
dental Nuclear War," by Bruce G. Blair 
and Henry W. Kendall; SCIENTIFIC AMER
ICAN, December 1990]. "The Strategic 
Rocket Forces 'can dud their entire 
forces regionally or nationally," Brack
en asserts. 

Yet even if-as seems likely-the ex
isting command and control infrastruc
ture remains intact under a new cen
tral authority, it is unclear whose finger 
will be on the proverbial button. Rus
sian president Boris N. Yeltsin has said 
a committee controls nuclear weapons 
but has also said Russia should control 
those on its own territory. 

Russia will clearly dominate the new 
Union, but Ashton B. Carter of Harvard 
University points out that several other 
republics produce crucial components 
for nuclear weapons, such as arming 
and fusing mechanisms and special 
materials. They may be able to make a 
strong argument for having a voice in 
nuclear decisions-if they continue to 

cooperate in the weapon business at all. 
More alarming than the strategic wea

pons, according to U.S. analysts, are the 
estimated 15,000 tactical and other 
short-range nuclear weapons. Until a 
few years ago, tactical weapons could 
probably be found in virtually every So
viet republic, according to Matthew 
Bunn, associate director of the Arms 
Control Association in Washington, D.C. 
In the past few years, ethnic strife in 
the Baltic States and the Transcaucasus 
has so alarmed the Soviet authorities 
that tactical weapons have been with
drawn from those regions. 

Although many of the tactical wea
pons have permissive-action devices of 
some kind, they are thought to be less 
effective than the controls on strategic 
weapons. One reason is that, in con
trast to the launch codes for strategic 
weapons, the codes to unlock tactical 
weapons are probably more widely dis
tributed, says Edward L. Warner ill, a 
nuclear weapon analyst at the Rand 
Corporation. But some tactical wea
pons have no physical controls, and 
some are merely "in containers with 
padlocks," according to Blair. 

All of which points to a worrying sce
nario. If famine and ethnic conflict lead 
to civil strife, a mutinous military force 
or political grouping could conceivably 
commandeer a tactical weapon, Blair 
says. "No safeguard is foolproof for
ever-a fairly ingenious technical per
son could in time circumvent it." Some 
observers have even speculated that 
tactical nuclear weapons from the for
mer Red Army might appear on the in
ternational arms market. "No Pentagon 
scenario of the past 30 years has antici
pated this Situation," Bracken states. 
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The best the U.S. can hope for to 
minimize the chances of such a diver
sion, Carter says, is for Soviet imclear 
weapons to be confined to a small 
number of republics-probably those 
that now have strategic weapons. But 
he recognizes that whatever central au
thority emerges in the weeks to come 
might not want to risk the move, which 
would temporarily make the weapons 
more vulnerable to capture. 

If the U.S. wants to prevent nuclear 
proliferation, Carter adds, it should be 
thinking about diversions from all the 
components of the Soviet nuclear pro
duction system, not just the finished 
weapons. That includes technical per
sonnel. "There are going to be a whole 
bunch of unemployed bomb builders 
running round the Middle East if we 
are not careful," he says. 

The changes of recent months could 
offer opportunities as well as threats. 
The new geopolitical landscape has 
convinced many weapon experts that 
the time is right to improve controls 
on all nuclear weapons. Rose Gotte
moeller, a former State Department So
viet specialist now working for the 
Rand Corporation, points out that the 
Soviet troops in charge of nuclear wea
pons were an elite force. There is no 
guarantee that things would go so 
smoothly in the event of political tur
moil in other nuclear states, she notes. 

The National Academy of Sciences 
has recently added its voice to the cho
rus calling for change. The academy 
argues that the U.S. and the Soviets 
should agree in the near term to reduce 
the number of strategic warheads in 
their arsenals to between 3,000 and 
4,000-a factor of three below the 
levels that will remain after START is 
implemented. Further reductions should 
follow. The academy also urges the U.S. 
to install permissive-action links on 
sea-based weapons and to press other 
nuclear powers to use similar controls 
on their weapons. 

President Bush seized the initiative 
in late September with a bold set of pro
posals to eliminate U.S. tactical wea
pons, reduce alert levels and accelerate 
planned reductions in strategic wea
pons. The proposals suggest that de
spite its concerns about controls on nu
clear weapons in the former U.S.S.R, the 
administration is confident that some 
form of strong central authority will 
persist. Among the topics Bush wants to 
discuss with Soviet leaders is the even
tual elimination of missiles with multi
ple warheads-the most destabilizing of 
strategic weapons. In the end, Moscow's 
failed coup may have produced not a 
strategist's nightmare but a major step 
toward world security. - Tim Beardsley 
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Atomic Turn-on 
Researchers demonstrate 
the first atom switch 

�thOUgh there are all manner of 
handy devices to control the 

flow of electric current, from 
the standard toggle to the Clapper, 
there is one model the local hardware 
store does not stock. This switch is 
flipped on or off by the motion of 
a single xenon atom. Such an atom 
switch may help pave the way for dra
matic increases in computer speed and 
in the development of atomic-scale 
electronics .  

The atom switch is yet another appli
cation for the scanning tunneling mi
croscope (STM), an invention that won 
a share of the 1 985 Nobel Prize for its 
inventors,  Gerd K. Binnig and Hein
rich Rohrer of the IBM Research Divi
sion in Zurich. Besides being capable 
of producing three-dimensional images 
of atoms, the device can pick up and 
move individual atoms. 

The STM relies on a very fine tung
sten needle. When the tip of the nee
dle is brought close to the surface of 
a sample, electrons may "tunnel" be
tween the tip and the sample, inducing 
a current that varies with the distance 

to the sample. To produce images ,  a 
feedback mechanism moves the stylus 
to maintain a constant current, there
by keeping the tip the same distance 
above any part of the surface. Sweep
ing the tip across the sample and using 
a computer to process its vertical mo
tion creates a three-dimensional repre
sentation of the surface. 

Researchers soon discovered that ap
plying a voltage across the tunnel junc
tion can cause an atom on the sur
face to stick to the tip. Donald M. Eigler 
and his colleagues at the IBM Almaden 
Research Division in San Jose, Calif. , 
demonstrated they could drag atoms 
across a nickel surface. In famous 
stunts, they used xenon atoms to spell 
out their employer's initials and carbon 
monoxide molecules to draw a stick 
figure. Other investigators have used 
the STM tip to pick up single atoms 
and clumps of atoms. 

Now Eigler and his co-workers Chris
topher P. Lutz and William E. Rudge 
have created an atom switch. By mov
ing a single xenon atom between the 
microscope tip or a nickel surface, they 
were able to alter the amount of tun
neling current between the tip and 
sample. The off pOSition corresponds 
to the xenon resting on the surface. 
The researchers flipped the switch on 
by applying a 54-millisecond, 0 .8-volt 

ATOM SWITCH components (top diagrams) include a scanning tunnel microscope 
(STM) tip (red), a nickel surface (blue) and a xenon atom (pink). The switch is off 
when the xenon sits on the nickel (left) and on when the atom is on the tip (right). 
The corresponding STM images (bottom) show the presence and absence of the 
xenon on the nickel surface. Magnification is about 15 million times. 

2 0  SCIENTIFIC AMERICAN November 1991 

pulse to the tip, which made the xenon 
jump to the tip. The tunneling current 
then increased by about a factor of sev
en. Reversing the polarity of the ap
plied voltage pulse made the xenon 
atom jump back to the surface, tog
gling the switch off. 

Why the pulse of current makes a 
xenon atom jump remains somewhat 
of a mystery. "The physics behind the 
transfer is not well understood,"  says 
Calvin F. Quate, a physicist at Stanford 
University. Eigler thinks the forces act
ing on the xenon may be similar to 
those that cause impurity atoms in cer
tain solids to migrate. In that process, 
called electromigration, the flow of elec
trons causes impurity atoms to move 
through a conducting solid. The same 
effect may well cause the xenon atom 
to jump back and forth across the tun
nel junction. The applied voltage scat
ters some electrons in the sample, and 
the scattering may help kick the xenon 
off the surface. 

Immediate applications of the switch 
seem unlikely. The massive microscope 
and low-temperature, high-vacuum con
ditions make the switch in its presE:llt 
form "the epitome of impracticality, " 
Eigler remarks .  Still, there's hope.  Al
though the STM is crucial in building 
the switch, it acts only as an electri
cal contact. In prinCiple, then, a contact 
other than the tip of an STM needle is 
possible. In addition, other researchers 
have moved atoms around under less 
exacting conditions. 

All this atomic manipulation "sug
gests we can build structures of nan
ometer dimensions, "  Quate says. Judg
ing from the pace of development, he 
thinks some practical application from 
the control of atoms may emerge with
in five years. 

The initial application would proba
bly involve information storage. A com
puter bit, after all, simply indicates 
whether something is on or off. Ac
cording to Quate, storing a bit in a clus
ter of 1 ,000 atoms-"which 1 think is 
very doable"-means that the entire 
contents of the Library of Congress 
could go on a 1 2 -inch-wide silicon disk. 
Current technologies would require 
2 5 0,000 such disks. Other possibilities 
that may stem from the manipulation 
of atoms include quantum "wires" and 
"dots , "  structures with promising elec
tronic properties that confine electrons 
in one or zero dimensions. Investiga
tors may also be able to assemble mol
ecules atom by atom. 

What other minuscule devices the 
switch may lead to depends on "being 
able to read the future, "  Eigler ob
serves.  He adds, "1 haven't been trained 
in that area." -Philip Yam 
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It costs more to replace an employee than 

it does to reh®ilitate one. A substance 

abuse program at work may also reduce 

accidents and insurance premiums. Best 

of all, it can help you keep those people 
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your company, write: Fighting Substance 
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Hartford, Connecticut 06141. • 
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Are Species Specious? 
Biologists still argue 
about what a species is 

F or many biologists, a species is a 
bit like pornography: hard to 
define exactly, but they know it 

when they see it. Although Aristotle be
gan categorizing animals into species 
more than 2,300 years ago, biologists 
are still far from unanimous about what 
the criteria should be. "Not only be
tween disciplines but even within them, 
there are differences in how people try 
to define species," comments K. Elaine 
Hoagland, the executive director of the 
Association of Systematics Collections 
in Washington, D.C. 

At the heart of the dispute is the 
most commonly taught definition, the 
biological species concept (BSC). It holds 
that a species is a population of organ
isms that can at least potentially breed 
with one another but that do not breed 
with other populations. That definition 

reflects the evolutionarily significant 
breeding patterns found in nature, ex
plains Ernst Mayr of Harvard Universi
ty, who has been the most ardent and 
persuasive advocate of the concept for 
more than 50 years. 

Many other researchers are less en
thusiastic about the BSC. "The vast ma
jority of plant systematists don't use it. 
Entomologists don't use it. Most inver
tebrate zoologists don't use it," argues 
one of its critics, Joel Cracraft of the 
Medical School of the University of Illi
nois at Chicago. He and some other 
systematists are unsatisfied with the 
BSC because, they say, it disregards and 
obscures the phylogenetic (evolution
ary) relationships between different spe
cies. Most biologists today, he says, "are 
basically using a phylogenetic approach 
without really calling it that." 

Many taxonomists and conservation
ists find the BSC hard to apply in the 
wild. Subpopulations within a species 
are often unable to interbreed because 
they are geographically isolated from 
one another. Conversely, crossbreeding 

Dyslexia: A Problem of Timing 

T he first indication that a child has dyslexia is usually difficulty in 
learning to read. For most dyslexics, letters and words on a printed 
page seem to move or reverse themselves chaotically. A team of re

searchers at Harvard Medical School and Beth Israel Hospital in Boston be
lieve they have found the problem: a sluggish brain pathway that cannot 
handle visual information fast enough. 

Although dyslexia is most often thought of as a reading disorder, it is not 
limited to language-it is actually a broad category that can include prob
lems with depth perception, spatial location of objects and other faculties. 
Some dyslexics, for example, have trouble differentiating similar sounds in 
speech, such as those of the letters "b" and "d." 

Several studies have suggested that the underlying problem in dyslexia 
may be an inability to perceive or distinguish very rapidly changing stimuli. 
Margaret S. Livingstone of Harvard and her colleagues decided to test that 
hypothesis in the vision system. Within the human brain, some of the nerve 
fibers from the eye reach into two parallel systems: the magnocellular path
way and the parvocellular pathway. Whereas the magnocellular system re
sponds primarily to fast-moving, low-contrast images, the parvocellular 
system reacts to slower, higher-contrast ones. 

If dyslexia did involve a misperception of quickly changing stimuli, liv
ingstone's group hypothesized, perhaps the problem was in the magnocel
lular system. By monitoring the brain activity of dyslexic subjects, the in
vestigators confirmed that their magnocellular pathway responded poorly 
to rapidly oscillating black-and-white patterns. Autopsies on the- brains of 
dyslexics showed that although their parvocellular system was normal, 
cells in the magnocellular pathway were unusually small. Thinner neurons 
conduct Signals more slowly, Livingstone points out. 

Those differences, she says, may cause information from the magnocel
lular and parvocellular systems to arrive at higher brain centers out of se
quence. For most activities, the mistiming would be unimportant, but for 
reading, which depends on extremely rapid eye movements, it may be dis
astrous. The brain areas associated with the sense of hearing may also be 
divided into fast and slow systems, which could explain how dyslexia af
fects speech perception, Livingstone adds. -John Rennie 
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between organisms classified as differ
ent species is common among plants 
and far from rare in animals. "There's 
more genetic exchange than we once 
thought," Hoagland remarks. "I believe 
the biological species concept is the best 
we can deal with, but we have to real
ize that there are other things going on." 

Mayr admits the BSC is not perfect 
but insists it is firmly based in biologi
cal reality. In populations of organisms 
that cannot interbreed freely, he says, 
biologists can recognize species by in
ferring prudently from their physical, 
behavioral and phylogenetic character
istics. "There are some people who 
consider themselves too stupid to ever 
make an inference," he says drily. 

Arguments against the BSC based on 
natural hybrids, Mayr believes, show a 
misunderstanding of what a species is. 
Under the BSC, the species label de
scribes a relationship between popula
tions-not an intrinsic characteristic 
of individuals. "A population does not 
lose its species status when an individ
ual belonging to it makes a mistake," 
Mayr writes in a forthcoming article for 
the American Journal of Botany. 

Alternatives to the BSC have been de
vised. One controversial proposal is the 
phylogenetic species concept, which 
Cracraft put forward almost a decade 
ago. The phylogenetic concept defines 
a species as the smallest recognizable 
cluster of individuals that share a com
mon trait and have a common pattern 
of ancestry. "You're applying the spe
cies name to those things that have dif
ferentiated, to those populations that 
are diagnosably distinct," Cracraft says. 
Critics contend, however, the idea would 
meaninglessly designate too many 
groups as species. 

John C. Avise, a geneticist at the 
University of Georgia, is sympathet
ic to Cracraft's goals, but he believes 
the phylogenetic species concept goes 
overboard. In 1990 he proposed a new 
"genealogical concordance" approach: 
by comparing large numbers of gene 
sequences in various organisms, biolo
gists can recognize the genetic drift 
that occurs only between distinct spe
cies. That definition maintains the BSC's 
emphasis on reproductively isolated 
groups, Avise explains, yet it also ac
knowledges the phylogenetic history of 
the organisms written in their genes. 

The varied concerns of biologists 
seem to guarantee that, for the foresee
able future, no one will define species 
in a way that pleases everyone-al
though people will continue to try. "I'm 
very open-minded," Mayr says with a 
trace of irritation. "Let them come up 
with a definition, and then we'll see 
how good it is." -John Rennie 
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Murder Mystery 
Ecologists seek better 
data on extinction 

T he widely reported announce
ment in 1 990 seemed dire: popu
lations of amphibians around the 

world, some biologists said, had been 
declining ominously since �he 1 9 70s. 
Indeed, two high-profile species,  the 
gastric-brooding frog of Australia and 
the golden toad of Costa Rica, now 
seem to be on the verge of extinction. 
As many as 1 , 500 golden toads used to 
gather at the species' principal breed
ing site, according to Alan Pounds, a re
searcher at the Monteverde Cloud For
est Preserve, but only individuals have 
been seen since 1 987.  

The reported declines have prompt
ed biologists to suspect that amphibi
ans, like canaries in coal mines,  might 
be particularly sensitive to some subtle 
worldwide environmental change. The 
greenhouse effect, pesticides,  acid pre
cipitation and a new virus have all been 
proposed as possible explanations. But 
a 1 2-year study of a pond in South Car
olina called Rainbow Bay, which has 
generated the most detailed data ever 
assembled on amphibian populations, 
pOints to a more prosaic effect: ran
dom fluctuations caused by drought. 

The Rainbow Bay study tracked pop
ulations of three species of salaman
ders and one species of frog. Although 
the populations fluctuated drama tical-

ly, the species were more likely to breed 
successfully in years when the pond 
held water for longer before drying up. 
The fluctuations in population size were 
surprisingly large, but there were no un
explained trends once allowance had 
been made for rainfall. 

The results ,  published in Science, 
constitute what the study's prinCipal 
author, Joseph H. K. Pechmann of Duke 
University, calls "a cautionary tale . "  He 
says he has no doubt that destruction 
of natural habitats is driving some am
phibians to the brink of extinction. But 
his research shows that natural fluc
tuations can be large and may be mis
taken for a trend if there is no good 
long-term record. Although the species 
he observed were affected by drought, 
there is no evidence that droughts are 
more common in South Carolina now 
than they ever were, Pechmann says. "At 
least for this site, our study shows what 
sort of fluctuations to expect naturally." 

Other researchers,  such as Peter ]. 
Morin, a herpetologist at Rutgers Univer
sity, go further. Morin doubts whether 
there is any global decline in amphib
ian populations. "Populations fluctuate, 
and occasionally local populations go 
extinct ,"  he says. "What we need to 
know is whether they are going extinct 
more than they used to, and we don't 
have the evidence for that." 

The uncertainty adds urgency to 
efforts to discover the causes of popu
lation fluctuations. As Pounds points 
out-and Pechmann agrees-habitat 
destruction cannot explain the disap-

pearance of the golden toad: the spe
cies is known almost entirely from a 
small area within the Monteverde Cloud 
Forest Preserve that has remained un
disturbed since the toad was discov
ered in 1 964. The decline of the gas
tric-brooding frog is likewise a mys
tery. Pounds is now investigating a 
possible link between the decline of the 
golden toad and the unusually warm 
temperatures in Costa Rica during the 
late 1 980s. 

Still, ecologists recognize that the ar
gument for habitat conservation would 
be a lot stronger if they had better hard 
data on biological diversity. Some ef
forts in that direction are getting under 
way. Earlier this year the Ecological So
ciety of America outlined a "sustain
able biosphere initiative" to improve 
understanding of biological diversity, 
global change and sustainable ecologi
cal communities.  "What we point out is 
that we don't know what the magni
tude of the biodiversity problem is and 
that we need more information," says 
Jane Lubchenco of Oregon State Uni
versity, president-elect of the Ecologi
cal Society. 

So far the exercise exists largely 
on paper, but already some federal 
agencies have used ideas from the ini
tiative in planning their budgets,  Lub
chenco says. Proponents hope the ini
tiative will eventually become a $ 5 00-
million-a-year effort. For now, though, 
extinction for many species remains 
as plain as the business end of 
a bulldozer. - Tim Beardsley 

GOLDEN TOAD, found only in Costa Rica, faces extinction. Photo: Michael Fogen/ Animals Animals. 
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APOLLO ASTEROIDS, like the five indicated here, have orbits larger than that of 
the earth and cross its path at their closest approach to the sun. More than 100 have 
now been tracked. Source: Lucy McFadden of the California Space Institute. 

Big Bang 
NASA wants to fend off 
doomsday asteroids 

N oW that all-out nuclear war 
seems to be receding as an im
minent threat to life as we 

know it, the National Aeronautics and 
Space Administration has come up with 
something else to keep us worried: 
doomsday asteroids. The agency will 
soon present to Congress its proposal 
for a survey to track the orbits of aster
oids that could strike the earth and 
wreak global havoc. A separate report 
will describe how an impact might be 
averted by nudging the threatening ob
ject into a new orbit. 

Fears that a wandering lump of solar 
system debris might put an end to hu
manity were confined to science fiction 
a couple of decades ago. But searches by 
enthusiasts such as Eleanor F. Helin of 
the Jet Propulsion Laboratory in Pasa
dena, Calif., have found that asteroids in 
orbits that bring them close to the earth 
are more numerous than once thought. 
Almost 200 such asteroids have now 
been tracked, and according to one esti
mate there may be as many as 10,000 
that measure between 0.5 kilometer 
(about three tenths of a mile) and five 
kilometers across. The stock is continu-

ally replenished by comet remnants, He
lin believes. Several new ones are now 
discovered in an average month. 

Proponents of a survey point out 
that collisions and near-misses are far 
from rare. Several mass extinctions 
may have been caused by impacts, and 
this century has seen at least one direct 
hit-the Tunguska Event. That lO-mega
ton detonation, which occurred over 
Siberia in 1908, is believed to have 
been caused by an exploding meteor. 
In 1972 an object more than 80 feet 
in diameter skipped across the atmo
sphere over North America, and two 
other near-misses have been recorded 
recently. The most celebrated was in 
March 1989, when an asteroid half a 
mile across came within 400,000 miles, 
or six hours, of the earth. 

"It's the 99 percent that have not 
yet been discovered that we are con
cerned about," says David Morrison of 
the NASA Ames Research Center, who 
chaired the report on asteroid detection 
near the earth. If an object only 0.5 kilo
meter across struck the earth, the blast 
would be equivalent to more than 1,000 
megatons of TNT and would probably 
produce a global "nuclear winter." 

NASA'S proposed survey would map 
the orbits of objects more than 0.5 
kilometer across that come close to 
the earth. Knowing the orbits might 
allow several years' warning of a colli-
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sion-Iong enough to think about 
launching an intercept mission. Morri
son's committee is expected to outline 
a network of about five dedicated wide
field telescopes at strategic locations 
around the world. The telescopes would 
be equipped with charge-coupled de
vices, which can search for moving ob
jects much faster than humans can 
scan film plates. 

Money, as always, is likely to be the 
problem. The telescopes would cost 
several million dollars apiece, and many 
astronomers think that kind of funding 
is pie in the sky. "As soon as people re
alize how much it's going to cost, they 
will not want to spend that much mon
ey," says Joseph Veverka, an astronomer 
at Cornell University. And the cost of a 
mission to intercept an asteroid would 
be vastly greater. Among the options 
being discussed are mounting a rocket 
motor on the asterOid, exploding a nu
clear bomb alongside it or simply ar
ranging a passive colliSion, according 
to John Rather, the official who chairs 
NASA'S committee on the subject. "It 
is not in principle a difficult problem," 
Rather says. 

There is also room for doubt about 
the feasibility of finding all threaten
ing objects more than 0.5 kilometer 
across. Even a vigorous survey could 
find only between two thirds to three 
quarters of them within 25 years, says 
Edward L. G. Bowell of the Lowell Ob
servatory in Flagstaff, Ariz. "A space
based survey would be useful," he says. 

Nevertheless, many astronomers are 
hoping that the NASA reports will lead 
to greater recognition for the asteroid 
searches already under way. Helin, who 
coordinates an international search that 
uses about a dozen telescopes part
time, complains that a lack of funds is 
holding back work. "Right now in East
ern Europe they have no film plates," 
she says. "I think a lot can be done with 
existing instruments and within the 
framework of existing programs," says 
Brian G. Marsden of the Harvard-Smith
sonian Center for Astrophysics. Helin 
argues that arrays of charged-coupled 
devices, which are only now becoming 
competitive with film plates for wide
area searches, should first be retrofit
ted to existing telescopes. 

That is not enough for people like 
Tom Gehrels of the University of Ari
zona, who runs an automated asteroid 
search. "The danger is real-if we don't 
do something, human society will be 
obliterated," he insists. Although ac
�o�edging that objects more than 
5-00 meters across probably strike the 
earth only once in 10,000 years, Gehrels 
points out that the unlikely event "can 
happen any time." -Tim Beardsley 
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THE 300-HP 
CHEVROLET 
CORVETTE LTI 
The new LT1 V8 is the 
most technically advanced 
small block in Chevrolet 
history. And only one 
machine has it: The new 

1992 Corvette. • Flaunting 
such technical wizardry 
as reverse-f low cooling, a 

. front-mounted Opti-Spark 
distributor, aluminum 
cylinder heads, high
compression (105: 1) 
pistons and an aggressive 
hydraulic roller cam
shaft, the LT1 generates 

seamless, effortless power. 
The kind of power that 
makes an enthusiasts 
mouth water. And to 
help get it to the ground, 
Corvette features Accelera
tion Slip Regulation(ASR), 
a highly sophisticated 
traction control system 
that regulates the 
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application of power to 
the rear wheels, providing 
optimum grip in all traction 
conditions . •  Test-drive the 
1992 Corvette LTl. Cover to 
cover, its the best 'Vette yet. 
Corvette LTI Features: 
• 5.7 Liter fuel-injected LT1 
V8 with 300-HP @ 5 000 
RPM. • Acceleration 

Slip Regulation (ASR). 
• New directional and 
asymmetric high
performance Goodyear 
GS-C Eagles. • Power 4-
wheel Bosch ABS lIS anti
lock disc brake system. 
• Choice of 4-speed 
automatic or 6-speed 
manual.. No-deductible, 

3-year/36,000-mile Bumper 
to Bumper Plus Warranty.* 
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Quantum Pinball 
A quantum system can be 
observed without an observer 

I magine a pinball machine that pro
pels photons of light instead of 
steel marbles and that uses mirrors 

as bumpers. If you watch the path of a 
photon as it is fired into play, it rico
chets off the mirrors as if it were a sol
id object. But if you stop observing, 
things begin to get strange. Unlike a 
steel ball, the photon shatters into 
many wavelets, each taking a different 
route through the machine. 

Actually, it should make no differ
ence whether you look or not. What 
counts, according to the theory of quan
tum mechanics, is whether the photon 
is shielded from all possible devices 
that could monitor its path. If it is, the 
photon behaves like a wave. If not, the 
photon acts like a particle. But how do 
physicists know how a bit of matter or 
energy is behaving when no one ob
serves it? 

They didn't until investigators at the 
University of Rochester built a working 
quantum pinball machine. In the experi
ment, the photons are shot from a laser 
and deflected at random toward either 
the left or right side of the apparatus. 
If a photon takes the path to the left, it 
enters a crystal and splits in two, creat
ing one photon called the signal and an
other called the idler. If a photon veers 
to the right, its fate is virtually the 

same. The photon hits a second crystal, 
which breaks the photon into a "right" 
signal and a "right" idler. Both right and 
left signal photons are directed by mir
rors to a detector, whereas the idler 
photons end up in a counter. 

After the counter has recorded many 
photons, the detector reveals a pattern 
of light and dark bands. Such patterns 
are the familiar signature of wave be
havior. If the photons behaved like par
ticles, that is, like steel marbles, the de
tector would record a single bright band. 

The pattern of light and dark bands 
arises because something is interfering 
with the signal photons. But what? If 
the apparatus is producing signal pho
tons, one at a time-a perfectly reason
able assumption-then the signal pho
ton should emerge from either the 
right or the left. Consequently, the sig
nals from the left cannot influence the 
signals from the right. 

But that's not quite right. To under
stand the interference pattern proper
ly, one must delve into quantum theo
ry. From that viewpoint, the crucial fea
ture is that the left path of the photon 
is indistinguishable from the right path. 
In other words, regardless whether the 
photon takes the left path or the right 
path, the result is the same: a signal 
photon hits the detector, and an idler 
hits the detector. Because the two paths 
are indistinguishable, the signal photon 
actually takes both routes and inter
feres with itself. 

To the Rochester group, the interfer
ence of the signal photons was no sur-

A Device That Can't Tell Left from Right 
LEFT PATH RIGHT PATH RIGHT PATH BLOCKED 

DETECTOR 

[J 
L CRYSTALS 

I 

"- BEAM 
SPLITTER 

The beam s p l i tte r d efl ects t h e  p h oton to e i t h e r  t h e  l e ft o r  r ight .  I f  t h e  p h oton 
veers to t h e  l e ft ,  i t  s t r i k e s  a c rysta l ,  wh ich  s p l i ts  t h e  p h oton i nto a n  i d l e r  a n d  
a s i g n a l .  The i d l e r  e n te rs a c o u nter ;  t h e  s i g na l  h i ts  a d etector.  I f  t h e  p h oton 
g o e s  to t h e  r ight ,  i ts  path i s  d i ffe re n t ,  b u t  i ts  fate i s  t h e  same.  The d etector 
a n d  t h e  c o u n t e r  can n ot be u s e d  to te l l  l e ft fro m r i g h t .  B l o c k i n g  t h e  " r i g ht"  
i d l e r  p h oton a l l ows t h e  two pat h s  to be d i s t i n g u i s h e d ,  a n d  s u rp r i s i n g ly s u c h  
act i o n  c h a n g e s  t h e  pattern  recorded b y  t h e  d etector.  
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prise. They concentrated on the behav
ior of the idler photons to help deter
mine the role of the observer. They 
blocked the path of the right idler pho
ton so that it could not reach the 
counter. Now if the counter recorded a 
photon, they could deduce that the sig
nal photon took the route to the left. 
If the counter did not record a photon, 
the signal must have gone to the right. 
Because they were able to figure out 

the path of the signal, the photon acted 
like a particle, and the detector record
ed a bright band instead of an interfer
ence pattern. 

"The mere possibility that the paths can 
be distinguished is enough to wipe out 
the interference pattern," says Leonard 
Mandel, who conducted the experiments 
with U-]un Wang and Xing Yu Zou. They next blocked the path of both 

left and right idler photons so that nei
ther could reach the counter. By doing 
so, they could no longer distinguish 
paths, thus effectively removing them
selves as observers. Nevertheless, the in
terference pattern was not restored. 

In the world of quantum mechan
ics, therefore, observations can be made 
without observers .  That leaves one im
portant question unanswered: If a tree 
falls in a forest and no one hears it, 
does it make a sound?-Russell Ruthen 

Endless Endgame? 

C hess masters down the centuries have held that in 
pawn less endgames, such as the position shown 
below at the left, the advantage of rook for knight 

normally cannot force a win. Best play, they intoned, 
inevitably leads to a draw-that frustrating outcome to 
the locking of mind and ego over the chessboard. 

The masters were wrong. A program written by Lewis 
B. Stiller, a graduate student at Johns Hopkins University, 
and run for more than four hours on a Thinking Machines 
Corporation massively parallel computer, has found a 
way to win. In doing so, the program produced a winning 
line 2 2 3  moves long, by far the longest in the 1 , 000-year 
history of the world's most deeply studied game. 

Like certain computer-solved mathematical proofs, the 
analysis is too complicated to be checked, except by an
other computer. "We ran the first 1 7 3 moves twice and 
did other kinds of checks, so it's very unlikely an error 
crept in," Stiller says. "Still, we're dealing with roughly 3 2  
trillion operations, and a stray neutron might conceivably 
have bounced into the computer chips." 

Stiller designed his program to analyze all possible 
endgames involving two kings, four pieces and no 
pawns. The task, which requires the generation and clas
sification of about 1 00 billion positions, begins at the 
end: The computer produces the handful of possible win
ning positions and works backward from them, generat
ing a branching and rebranching tree of analysis. The ma
chine then determines whether the balance of forces 
leads to a win in the general case (that is, where the supe
rior side is not immediately compelled to lose a piece) . 

For the first 2 0 0  moves or so, the pieces seem to dance 
about aimlessly, conforming to no rules a human master 
might recognize and follow. Matters become clear only 
near the end, when the Black King's back is against the 

8 8 

7 7 

6 6 

5 5 

4 4 

3 3 

2 2 

wall and its attendant knights can no longer protect one 
another. After 2 2 2  moves, the White King is about to oc
cupy the square f 5 ,  forcing the win of a knight. The re
SUlting struggle of king, rook and bishop against king 
and knight leads quickly and simply to checkmate. 

Kenneth L. Thompson of Bell Laboratories was the 
first to apply retrograde analysis to computer chess. His 
program proved, for example, that king and queen win 
against king and two bishops-an endgame that chess 
manuals had concluded would end in a draw. Thomp
son's program exhausted the possibilities of five-piece 
problems, in one case finding a winning line of 7 1  moves. 

This unprecedented feat led the International Chess 
Federation to amend its rule on how long a game can 
proceed before it must be declared drawn. Previously a 
player had been required to force checkmate within 5 0  
moves after the last capture of a piece or move of a 
pawn, on the all too human assumption that no winning 
line could possibly be longer. 

Stiller refined Thompson's program to take advantage 
of the Connection Machine CM-2, which has 6 5, 5 3 6  pro
cessors and eight billion bytes of memory. Thompson's 
one-processor algorithm had to incorporate an extra 
step to reduce the number of positions under review, 
whereas Stiller's parallel algorithm is simpler. It consid
ers more positions but spends less time on each one. 

When playing from the initial position, however, com
puters still lose to the very best humans. Gary K. Kas
parov, the chess champion of the world, has vowed that 
no machine shall ever defeat him. But although he has 
beaten Deep Thought, IBM's chess machine, its program
mers expect to unveil a vastly improved version within a 
year or so. They say it will end the human domination of 
the chessboard forever. -Philip E. Ross 
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PROFILE : EDWARD WITTEN 

The Pied Piper of Superstrings 

E dward Witten is not one to shy 
away from bending a dimen
sion-time, say-if it suits his 

purpose. Witten is an ardent advocate 
of superstring theory, which holds that 
all physical phenomena-from quarks 
to quasars-arise from infinitesimal 
strings wriggling in no fewer than 1 0  
dimensions. Defending the highly math
ematical theory from the charge that it 
has made no substantive contributions 
to physics ,  Witten argues that, on the 
contrary, "all the really great ideas in 
physics" are "spinoffs" of superstrings. 

General relativity, for in
stance. Of course, Witten knows 
that Einstein devised the theo
ry, which explains gravity as 
a function of curves in space 
and time, more than half a cen
tury before superstrings came 
along. But Witten calls that "a 
mere accident of the develop
ment on planet Earth." It is 
quite likely, he says, that "other 
civilizations in the universe" 
discovered superstring theory 
first and then derived general 
relativity later. 

profound contributions to the field." In 
no small part because of Witten's ef
forts, many of the world's "brightest" 
young theoretical physicists, Kaku says, 
are now studying superstrings .  (Kaku, 
naturally, is a string theorist.) 

Nonbelievers worry that Witten may 
be a Pied Piper, leading his followers 
away from reality and into a phantas
magoria of pure mathematics.  They 
point out that superstrings,  which are 
thought to be as small in comparison 
to a proton as the proton is in compari
son to the solar system, are not likely 

Witten shrugs off the criticism. He 
acknowledges,  even emphasizes,  that 
no one has truly fathomed the theory 
and that it may be decades before it 
yields a precise description of nature. 
But he is serenely confident that it is 
the way to truth. "Good wrong ideas 
are extremely scarce, "  he says, "and 
good wrong ideas that even remotely 
rival the majesty of string theory have 
never been seen." 

I had read before interviewing Witten 
that some of his students at Princeton 
University, where he taught until 1 987,  
have called him (with "great reverence 
and respect, "  the article stressed) "the 
Martian." Meeting him, I can under

stand why. His tall, slim body 
seems almost an afterthought 
in comparison to his looming 
head. His lofty forehead is 
bounded by thick black hair on 
the top and thick black glasses 
on the bottom. He speaks in 
a high-pitched voice so soft 
that I worry my tape recorder 
won't pick him up over the air 
conditioner. He pauses fre
quently-for 5 1  seconds at one 
point -casting his eyes down 
and squeezing his lips together 
like a bashful teenager. He 
seems to be striving for mathe
matical precision. 

Yet Witten is hardly reticent. 

This is not the attention
seeking hyperbole of some 
fringe scientist. Witten, a 40-
year-old theoretical physicist 
at the Institute for Advanced 
Study in Princeton, N. ]., is wide
ly viewed as the most brilliant 
physicist of his and quite a few 
other generations. The stock 
comparison is Einstein, but 
John H. Schwarz of the Califor
nia Institute of Technology, a 
pioneer of superstrings,  reach
es even further back for com
parisons: he thinks that in 

PHYSICIST EDWARD WITTEN hopes to unravel the Gor
dian knot at reality's core. Photo: John Pinderhughes. 

I have barely sat down in his 
office when he chides me for 
having written in these pages 
about the philosopher of sci
ence Thomas S.  Kuhn, who be
lieves that science is "ara
tional. "  Witten insists that, as 
penance for wasting print on 
Kuhn's  "silly" ideas,  I should 
profile five mathematicians in a 
row. He isn't kidding. Witten 

sheer mathematical mind power, Wit
ten may have no rival since Newton. 

Witten's reputation was already firm
ly established some seven years ago, 
when he declared that superstrings rep
resented the ultimate goal of physics :  a 
theory that could explain all the forces 
of nature. Such a theory is sometimes 
called the "theory of everything,"  al
though Witten disdains the term. "Wit
ten did not found string theory," says 
Michio Kaku of the City University of 
New York, "but he created a sensation 
by saying, 'This is it , '  and then making 

to be detected in this or any millenni
um. Nor are the surplus dimensions 
the strings supposedly inhabit. 

One of the few skeptics willing (in
deed, eager) to speak on the record is 
Sheldon L. Glashow of Harvard Univer
sity. He contends that the theory is not 
physics at all but merely mathematical 
"smoke and mirrors . "  Like many crit
ics, he also complains about the theo
ry's impenetrability. "I don't understand 
Ed's recent papers," says Glashow, a 
Nobel Prize-winning physicist, "so I 
can't tell you how brilliant he is." 

42 SCIENTIFIC AMERICAN November 1991 

also declares that he will not 
answer "personal" questions, such as 
what he majored in at college. I must 
consult other sources to learn that al
though Witten is the son of a theoreti
cal physicist and always enjoyed 
physics, he entered the field by means 
of a curved route. Indeed, he graduated 
from Brandeis College in 1 9 7 1  with a 
degree in history and designs of be
coming a political journalist. After pub
lishing articles in the Nation and the 
New Republic and working on George 
McGovern's 1 9 72 presidential cam
paign (yes, a man who is arguably the 
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smartest person in the world is a liber
al Democrat) , he decided he lacked the 
"common sense" for journalism (or so 
he told one reporter)_ He entered 
Princeton to study physics and ob
tained his doctorate in 1 9 76 _  

Witten also followed a roundabout 
path to superstrings_ Much of his ear
ly work was tied relatively closely to 
mainstream, experimentally accessible 
physics_ He wrote numerous influential 
papers on quantum chromodynamics, 
which explains the strong force that 
binds atomic nuclei together. He also 
addressed problems in electroweak 
theory, which showed the underlying 
unity of the weak nuclear force (re
sponsible for certain types of nuclear 
decay) and electromagnetism_ 

But increasingly he gravitated toward 
more speculative unification schemes 
involving higher dimensions_ The key 
to understanding such theories-and 
modern physics in general-is the con
cept of symmetry_ There are various 
types of symmetry, from the simple 
rotational symmetry possessed by a 
sphere to more complicated varieties 
involving the interchangeability of par
ticles _  One way physicists seek to 
glimpse the hidden symmetries of a 
system is by imagining it from a high
er-dimensional viewpoint In a similar 
way, an astronaut who rises above the 
two-dimensional surface of the earth is 
able to perceive its rotational symme
try_ Witten, echoing the title of a surre
alistic Victorian-era novel about two-di
mensional beings, has called this pro
cess "stepping out of Flatland." 

Witten explored two higher-dimen
sional approaches-called supersym
metry and Kaluza-Klein theory-that 
were to play a role in superstrings_ Su
persymmetry posits an underlying sym
metry (and thus interchangeability) be
tween particles that constitute mat
ter and those that transmit force_ One 
predicted consequence of supersym
metry is that all known elementary par
ticles have unseen supersymmetric 
twins, sometimes called sparticles_ 
Kaluza-Klein theory, named for two Eu
ropean scientists who developed it ear
ly in this century, posits the existence 
of additional dimensions that are 
somehow rolled up, or "compactified," 
in such a way that they are unde
tectable at macroscopic levels_ The 
compactification process is analogous 
to rolling a two-dimensional sheet of 
paper into a line like tube or crumpling 
it into a pOintlike ball_ 

These concepts, and supersymme
try in particular, helped Witten discern 
deep commonalities underlying na
ture's forces_ Yet neither approach 
could overcome the central barrier to 
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complete unil'ication: the incompatibili
ty of quantum theories ,  which explain 
electromagnetism and the nuclear 
forces,  and general relativity, the theo
ry of gravity. Witten calls this "the sin
gle biggest puzzle in physics ."  

Meanwhile superstring theory had 
been developing independently of Wit
ten. The basic string concept emerged 
in the late 1 960s, when Gabriele Venez
iano of CERN and Yoichiro Nambu of 
the University of Chicago proposed 
that stringlike particles could give rise 
to the strong force. Interest in the theo
ry faded when other physicists showed 
that it would only work in 26 dimen
sions. Then, in the 1 9 70s, Schwarz of 
Caltech and others combined the string 
concept with supersymmetry to form 
the much more ambitious superstring 
theory. They contended that just as the 
vibrations of violin strings give rise to 
different notes, so could the vibrations 
of superstrings give rise to the mass
carrying particles and to all the forces 
acting on them-including gravity. 

Although superstring theory re
quired only 10 dimensions rather than 
26,  that was still six too many for most 
physicists. Skeptics were also put off 
by the fact that the theory dealt with 
energies and distance scales far be
yond the range of any earthly particle 
accelerator. Moreover, in the late 1 9 70s 
the attention of the physics community 
was focused on the astonishing confir
mation of quantum chromo dynamics 
by experiments in particle accelerators. 

Witten first learned of superstring 
theory in 1 9 7 5 ,  but his initial attempts 
to understand it (others might be grat
ified to know) were frustrated by the 
"opaque" literature. In 1 98 2 ,  however, 
a review paper by Schwarz helped Wit
ten grasp a crucial fact: superstring 
theory does not Simply allow for the 
possibility of gravity; it demands it. 
Witten calls this realization "the great
est intellectual thrill of my life ."  

Although Witten began to work on 
the theory, he initially resisted prosely
tizing on its behalf. "I was reluctant to 
encourage young people to become in
volved in what I've always thought of 
as a very long term proposition, " he 
says. In a 1 984 paper, moreover, he 
and Luis Alvarez-Gaume of Princeton 
pointed out a problem that had to be 
overcome by superstrings and any oth
er unification theory that included 
gravity. The problem had to do with 
anomalies, or mathematical inconsis
tencies ,  that arose when such theories 
tried to account for an asymmetric 
type of nuclear decay. 

Later that year, however, Schwarz 
and Michael B. Green of Queen Mary 
College, London, published a paper 
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demonstrating that the anomalies could 
be eliminated in superstring theory. By 
this time, Witten's epiphany was com
plete. "It was very clear that if I didn't 
spend my life concentrating on string 
theory, I would simply be missing my 
life 's  calling, "  he says. He began pro
nouncing the theory a "miracle" and pre
dicting that it would "dominate physics 
for the next 50 years." More important, 
he issued a flood of papers on the the
ory- 1 9  in 1 9 8 5  alone. 

Much of Witten's early work focused 
on creating a model that was a reason
able facsimile of the real world. Draw
ing on his experience with Kaluza-Klein 
theory, Witten and several other theo
rists described how the six extra di
mensions might have become compact
ified. They then suggested how the hid
den dimensions might affect particle 
interactions at energies within the range 
of current accelerators. Many other in
vestigators, at CERN and elsewhere, are 
continuing to work in this vein. 

Yet Witten became increasingly con
vinced that to forge superstrings into 
a truly predictive model, theorists had 
to uncover its "core geometric princi
ples." These principles,  he says, may be 
analogous to the non-Euclidean geome
try invented by the 1 9th-century math
ematician Bernhard Riemann. Lacking 
this technique for modeling curvatures 
in space and time, Witten contends, 
Einstein might not have been able to 
formulate the theory of relativity. 
"What we have learned in the 2 0th cen
tury," Witten comments, "is that the 
great ideas in physics have geometric 
foundations. " 

His pursuit of these issues has taken 
Witten deep into topology, the study of 
the fundamental geometric properties 
of objects, regardless of their particu
lar size or shape. In the eyes of a topol
ogist, for example, a donut and a sin
gle-handled coffee mug are equivalent 
because each has only one hole. A 
donut and a banana are not equivalent, 
because one would have to tear the 
donut to turn it into a banana. 

Witten eventually created a tech
nique, called topological quantum field 
theory, that combines topology with the 
mathematical tools of quantum field 
theory. The technique, Witten says, al
lows him to uncover even deeper sym
metries than the traditional methods of 
physics .  Recently Witten applied the 
technique to work on knot theory done 
by Vaughn F. R. Jones, a mathematician 
at the University of California at Berke
ley [see "Knot Theory and Statistical Me
chanics," by Vaughn F. R. Jones;  SCIEN
TIFIC AMERICAN, November 1 990].  

One of the major issues in knot theo
ry concerns whether seemingly dissirni-
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lar knots are in fact topologically equiv
alent-that is, whether one can be 
transformed into the other without be
ing cut. jones had shown how to ac
complish this task with a relatively 
straightforward polynomial equation 
from statistical mechanics, which de
scribes heat transport or other general 
properties in a complex system. 

Subsequently, Witten showed that 
with topological quantum field theory 
one could find even deeper unities, or 
symmetries ,  between knots than with 
jones's  technique. One could also dis
cern symmetries underlying knots in 
curved, non-Euclidean spaces-and 
even underlying the spaces themselves. 
Witten calls this his "single most satis
fying piece of work. " As a result of his 
finding, Witten and jones shared the 
1 990 Fields Medal, the most presti
gious prize in mathematics. 

Witten bristles a bit in response to 
suggestions that in his fascination with 
such mathematical issues, he has lost 
touch with real-world physics. He points 
out that in 1 9 8 5  he wrote a paper with 
Mark Goodman of Princeton proposing 
how to detect exotic particles, including 
the sparticles predicted by supersym
metry, that might account for the "dark 
matter" many cosmologists think domi
nates the structure of the universe. The 
paper has inspired various dark-matter 
experiments. 

In the mid- 1 980s he also wrote sev
eral papers on cosmic strings, extreme
ly long, massive and hypothetical ob
jects that could have catalyzed the for
mation of galaxies .  Witten proposed 
that cosmic strings might be supercon
ductors and suggested ways they could 
be detected by astronomers. More re
cently, Witten helped Frank Wilczek, a 
colleague at the Institute for Advanced 
Study, elaborate a theory that explains 
high-temperature superconductivity as 
a by-product of unusual particles called 
anyons. 

But Witten says he has "learned the 
hard way" to trust his instincts about 
what is important. "Physicists general
ly, including those who are enthusiastic 
about string theory, greatly underesti
mate the depths and subtlety of its un
derlying geometric ideas and the im
portance for human thought of un
earthing them." Witten recites this line 
slowly, abstractedly, as if at this very 
moment he is trying to see into the 
twisted heart of things.  Once those 
ideas stand revealed, will that be the 
end of physics? Witten declines to 
guess.  "You would never look at 
physics again in the same way," he 
says. "But how you would look at it, and 
what the unsolved problems would 
look like, I have no idea."-John Horgan 
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SCIENTIFIC 
AMERICAN _________ _ 

Firearms, Violence 
and Public Policy 

More guns mean more deaths {rom crime and accidents. 
Yet in the u.s. many laws that regulate firearms are misdirected 

and ineffective. What we don Jt know about gun control can hurt us 

E ven though the U.S. has many 
more gun-control laws than any 
other nation, Americans are more 

likely to be victims of gun-related vio
lence. We have no hope of greatly im
proving this situation as long as we 
continue to construct gun-control poli
cy on a weak foundation of facts. 

Since the 1960s some social and be
havioral scientists have been investigat
ing how violence is related to firearms. 
But their conclusions have largely been 
ignored. Neither supporters nor oppo
nents of gun-control laws have felt any 
great need to cite facts. Strong emotions 
have kept the conflicting parties at each 
other's throats. 

Recent congressional debates on gun 
control have also relied on undocu
mented assertions. The 1991 Brady bill 
aims to reduce the violence associated 
with guns by making handgun pur
chases subject to waiting periods and 
police notification. The congressional 
debate over these issues is no more in
formed than it was during the deliber-

FRANKLIN E. ZIMRING is professor of 
law and heads the Earl Warren Legal In
stitute of the University of California, 
Berkeley. For the past two decades, he 
has investigated the relation between 
firearms and violence, and he has helped 
shape gun-control policy in the U.S. For 
two years, Zimring directed research for 
the Task Force on Firearms of the Na
tional Commission on the Causes and 
Prevention of Violence. 

by Franklin E. Zimring 

ations that led to the Gun Control Act 
of 1968. A distaste for facts is also evi
dent in the emphasis Americans have 
placed on research: much more money 
is spent on newspaper advertisements 
about gun control than on research 
about firearms and violence. 

During the past three decades, inves
tigators have learned about the relation 
between guns and the death rate from 
violent crime, accidents and suicides. 
They recorded the kinds of firearms 
used in these situations, and they mea
sured how gun-control laws have influ
enced crime and the ownership of guns. 

The accumulating evidence provides 
reasons for discomfort on both sides of 
the political struggle. Ample data con
firm that as guns become more avail
able, people are more likely to die dur
ing violent crimes-a connection that 
opponents of gun control have tried to 
deny. Research also shows that many 
laws do not significantly diminish the 
number of guns used in violence, al
though many advocates of gun control 
have assumed they would. 

Lawmakers have agreed to many mea
sures that try to keep guns out of the 
hands of criminals. But these regulations 
have not brought violence down to a lev
el that most Americans can tolerate. At 
the same time, we have not confronted 
the controversial issue of reducing the 
35 million handguns that play the great
est role in violence caused by firearms. 

The Federal Bureau of Investigation 
reports that in 1990 criminals in the 
U.S. committed more than 1.8 million 
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acts of homicide, robbery, forcible rape 
and serious assault. More than 28 per
cent of these violent crimes involved 
firearms. And, most notably, guns were 
the cause of death in 64 percent of the 
23, 000 homicides. Although the statis
tics portray the magnitude of gun-relat
ed violence, they provide no informa
tion about why or how the flow of fire
arms should be regulated. 

T he issue of gun control hinges 
on whether the death rate from 
violence would subside if people 

were forced to abandon firearms and 
choose other weapons such as knives. 
As Philip J Cook and Daniel Nagin of 
Duke University once asked, "Does the 
weapon matter?" 

The answer is not obvious. In 1958 
Marvin E. Wolfgang of the University of 
Pennsylvania claimed that the choice of 
weapon did not make much difference 
in criminal homicide. He argued that if 
guns were unavailable, assailants would 
wield other deadly weapons to achieve 
their goal. His analysis assumed that 
most people who commit criminal hom
icide have a single-minded and uncon
ditional intention to kill. 

A decade after Wolfgang's work , I 
found evidence that the weapon used 
is important in determining whether a 
violent assault will lead to death. I re
viewed Chicago police records of more 
than 16,000 violent assaults, both fa
tal and nonfatal, to determine the out
comes of attacks with guns and knives, 
the two weapons most commonly used 
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in criminal homicide [see box on next 
page]. The study showed that most at
tackers seemed to stop short of ensur
ing the victim's death. In eight out of 10 
assaults with guns, the attacker shot 
the victim only once. Attackers also in
flicted one wound in seven out of 10 
cases in which the victim died. 

In general, fatality seemed to be an 
almost accidental outcome of a large 
number of assaults committed with 
guns or knives. The Chicago study indi
cated that most nonfatal attacks, like 
most homicides, resulted in wounds to 
vital parts of the body. According to the 
study, hOmicide and serious assaults 
involved the same kinds of motives 
(mostly spontaneous arguments), and 
they occurred in the same places at the 
same times. 

One important difference among as
saults was the weapon used: an assault 
with a gun was five times more likely 
to result in a fatality than an assault 
with a knife. And assaults with guns to 
all vital body areas-head, neck , shoul
ders, chest and abdomen-were many 
times more likely to kill than attacks 
to the same locations with knives. In 
1990 more than 23 percent of the one 
million serious assaults involved guns, 
whereas knives played a role in 20 per
cent of assaults. 

Do attackers who carry guns simply 
have more lethal intentions than assail
ants who use knives? The Chicago data 
indicated otherwise: compared with as
saults with guns, attacks with knives 
were more likely to result in multiple 
wounds, and they were equally likely to 

damage a part of the body where death 
can result. The five-to-one difference in 
death rate thus seems to stem from the 
greater dangerousness of the firearm 
as a weapon, what is known as an in
strumentality effect. 

If such instrumentality effects are 
large, a shift from guns to knives would 
cause a drop in the homicide rate even 
if the total rate of violent assault did 
not change. Other studies have corrob
orated the presence of large instrumen
tality effects in urban violence. 

When Hans Zeisel of the University 
of Chicago and other sociologists com
pared assaults in cities that had differ
ent mixes of guns and knifes, they 
found a difference in death rate be
tween the two kinds of assaults. Zeisel, 
who examined New York and Houston, 

HANDGUNS were involved in half of the 23,000 homicides 
committed with firearms in the U. S. last year. Although feder
al law forbids felons from acquiring any of the supply of 35 

million handguns in the U. S., it has not reduced the violence 
associated with handguns to a tolerable level. Is restricting 
handguns America's only option? 
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wrote, " If the level of gun attacks in 
Houston were reduced from 42 percent 
to New York's level of 24 percent, 3 2 2  
gun attacks would have been knife 
attacks. At present, these 3 2 2  gun at
tacks resulted in 63 fatalities . . . .  If they 
were knife attacks, roughly 1 2  fatali
ties would result-a reduction from 20 
deaths per 100 attacks to four per 100." j\though all guns are deadly, some 

types of firearms are more harm
ful than others because they are 

more likely to be used in crime and vio
lence. In the U.S. handguns-small, con
cealable weapons that can be fired with 
one hand-account for one third of the 
1 2 0  to 1 50 million firearms estimated 
to be owned by civilians. Handguns are 
used in more than 75 percent of fire
arm-related homicides and more than 
80 percent of firearm-related robberies. 
On the average, rifles and shotguns are 
seven times less likely than handguns 
to be used in c riminal violence. In states 
and cities that have made special efforts 
to restrict handguns, the major prob
lem is still illegal handguns rather than 
long guns. (No one has recorded how 
many crimes are co mmitted with what 
are called military assault weapons. 
These semiautomatic rifles and hand
guns require a separate trigger pull for 
each bullet discharged but can fire 
many rounds of ammunition quickly.) 

To determine whether the type of 
gun influences the outcome of violent 
assaults, my colleagues and I conduct
ed a follow-up study in Chicago in 
1972.  Not surprisingly, we found that 
a large-caliber gun was twice as like
ly to kill as a small-caliber gun in cases 
in which the guns inflicted the same 
number of wounds to the same part 
of the body. This statistic indicated that 
mortality from cr iminal violence is 
strongly correlated with the dangerous
ness of the weapon, not just the attack
er's intent. 

Some sociologists have criticized the 
conclusion that the motivations behind 
most homicides are ambiguous. They 
argue that the similarity between fatal 
and nonfatal assaults might be super
ficial. Furthermore, they maintain that 
attackers who wield guns may have 
substantially different intentions from 
criminals who use knives. But so far no 
evidence derived from data on assault 
has been presented that argues against 
ins trumentality effects in homicide. 

The role of weapons is largely un
known in another kind of assault, 
forcible rape. More than 1 00,000 cases 
are reported to the police every year, 
and roughly 8,000 of them involve fire
arms. Although a change in firearm use 
could prevent many rapes at gunpoint, 
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Because robberies need involve only 
the threat of injury, it cannot be as
sumed that the choice of weapon in a 
robbery will influence the outcome in 
the same way as the choice in assaults 
does. Only in recent years have investi
gators published special reports on the 
influence of guns on the death rate 
from robbery. 

The National Crime Survey reports 
that crime victims are less likely to re
sist robbers who carry guns than those 
who wield other weapons. Apparently, 
a firearm makes the threat of force by 
a robber conspicuously credible. The 
risk of any victim injury is therefore 
lower when a robber has a gun instead 
of, say, a knife. 

But in cases where robberies result in 
injuries, guns are far more deadly than 
other weapons. James Zuehl and I at the 
University of Chicago found that the 
death rate is three times higher for rob
beries at gunpoint than for robberies 
with knives, the next most dangerous 
robbery weapon. Cook has found that 
in areas where gun ownership is un
usually prevalent, death rates from rob
bery are high . 

These findings independently confirm 
the instrumentality effects found in as
saults because robbers presumably do 
not select their weapons with the in
tent of injuring their victim. Robberies 
with firearms, like assaults with guns, 
contribute greatly to the crime-related 
death rate, independent of the motiva
tions of the criminal. 

One question not yet answered is 
how much the availability of guns in
fluences the rate of robberies. Presum
ably, when guns are widely available, 
robberies become easier to commit and 
increase in frequency. Yet in one study 
of U.S. cities, Cook did not find a corre-
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lation between gun availability and to
tal robbery rate. No one has yet investi
gated the more specific comparison of 
commercial robbery rates. 

Very few scholars have studied how 
firearms are related to two important 
forms of noncriminal violence: suicide 
and accidents. In the u.s. death by self
inflicted gunshot wounds accounts for 
over half the more than 30,000 suicides 
committed every year. Firearms are no 
more effective a means of suicide than 
are such methods as hanging or jump
ing. But when firearms are not at hand, 
people most frequently attempt suicide 
by drug overdoses. If guns were not 
available to people with suicidal inten
tions, how many attempts might be re
directed to less lethal means and how 
many lives would be saved? This ques
tion deserves far more attention than it 
has received. 

Accidents involving firearms claim 
about 2,000 lives every year in the U. S. , 
a much lower death rate than that for 
homicides or suicides. About 60 per
cent of accidental fatalities occur in 
or around the home. The population 
groups that have the highest fatality 
rates from accidents are male children 
and adolescents, who are generally in
experienced in using guns and are of
ten tempted to play with them. Clearly, 
if young people did not have access to 
guns, the death rate would drop. 

Two other findings about the mis
use of firearms have some significance 
when considering strategies of firearm 
control. First, the percentage of gun-re
lated crimes in an area is related to 
the proportion of owners of firearms 
in that area. In 1969 the Task Force on 
Firearms demonstrated that if a city 
ranks high in gun use for one kind of 
crime, such as aggravated assault, the 
use of guns tends to be high for other 
types of crime, such as robbery. Cook 
has also found that high rates of gun 
use in suicide are positively correlated 
with rates of gun use in violent crime. 
As more firearms are available to the 
civilian population, more guns are also 
available for misuse. 

Second, in the 1970s the Federal Bu
reau of Alcohol, Tobacco and Firearms 
conducted studies of handguns con
fiscated on city streets. The bureau 
showed that handguns are most likely 
to be misused in the first few years 
after the weapons are introduced to 
the civilian market. In four u.S. cities 
studied by the bureau, handguns three 
years old or younger constituted half 
of those confiscated on the streets but 
less than a quarter of the total number 
owned by civilians. Consequently, hand
guns play their greatest role in street 
crime when they are a few years old, 

even though they often function for 
many years. � gun-control measures seek to re

duce the influence of the use of 
firearms in crimes and violence. 

The ideal gun-control measure would 
prevent all crime and violence involv
ing guns without interfering with their 
legitimate use in contemporary life. 
More realistically, regulations should re
duce the problems caused by illegiti
mate uses as much as possible while 
minimizing the restraints on legitimate 
uses of guns. To achieve this goal, law
makers have proposed many different 
types of regulations [see table on page 
54]. The laws are usually based on one 
of three strategies: prohibiting high-risk 
uses of firearms, keeping guns out of 
the hands of high-risk users or banning 
high-risk firearms. 

Regulations that prohibit high-risk 
uses of firearms include "place and 
manner" prohibitions and extra penal
ties for unlawful use. Most gun laws in 
the U.S. seek to regulate the place and 
manner in which firearms may be used. 
They prohibit such high-risk uses as . 
carrying firearms in a motor vehicle 
or discharging a firearm in populated 
areas or concealing weapons on one's 
person. Place-and-manner laws attempt 

.to deter'" high-risk behavior with guns, 
and they rely on the police to intervene 
before violence occurs. These laws pre
vent violence only to the extent that 
the police can discover and arrest per
sons who violate such laws. How much 
violence is deterred because guns are 
not carried is not known. But the rate 
of gun-related violence would almost 
certainly increase if carrying loaded 
weapons became widespread. 

High-risk behavior with guns can also 
be discouraged by instituting particu
larly stiff penalties for criminals who 
use firearms. Such laws attempt to deter 
the would-be robber or attacker from 
using a gun during a crime. More than 
half of the states have passed such laws. 
This approach is popular with gun own
ers because the penalties concern only 
gun-related crime and place no restric
tions on firearm ownership. 

Extra-penalty laws are limited, howev
er, in their potential to curb firearm vio
lence. To reduce the number of crimes 
involving guns, such laws would have 
to discourage persons who would not 
be deterred by the already severe pen
alties for robbery and assault. Can the 
threat of additional punishment suc
ceed? A robber might be deterred from 
using a gun if the penalty for robbery 
with a gun were several times greater 
than that of robbery without a gun. But 
punishment for robbery is already se-
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vere, at least as set forth in the statutes. 
In addition, a robber who carri�s a gun 
should not be punished so harshly that 
the additional penalty he risks if he 
injures or kills his victim is relatively 
small. It seems unlikely, therefore, that 
such laws have much more potential to 
deter gun use in robberies. 

The issue of additional deterrence is 
also complicated for the crime of as
sault with a gun because the person 
who attacks someone with a gun is al
ready risking the maximum punishment 
if the victim dies. A series of studies
the most notable by Colin Loftin and 
his associates at the University of Mary
land-find that at best extra-punish
ment laws reduce gun-related crime by 
a small amount. 

Extra punishment and place-and-man
ner regulation do have a role in com
prehensive firearm control. But they 
cannot be used as the primary controls 
in a system that aspires to influence the 
death rate from violence substantially. tws attempting to discourage high

risk uses of firearms can be more 
effective when they are combined 

with selective ownership prohibitions. 
This second gun-control strategy seeks 
to deny high-risk users access to fire
arms. Usually the law considers high
risk users to include convicted felons, 
minors, adjudicated mental incompe
tents, drug addicts and fugitives from 
justice. The theory is that high-risk us
ers should not be allowed to own fire
arms, because the societal damage they 
cause through violence outweighs the 
social value of their interests in using 
guns legitimately. 

The federal government and nearly 
every state prohibit some type of high
risk ownership. But many of these laws 
do not make a person prove his eligibil
ity to own a gun before obtaining one. 
The ownership ban is supposed to be 
effective because the ineligible person 
will be subject to criminal penalties if 
caught possessing a firearm. Although 
such a law will not keep guns out of 
the hands of high-risk users who lie 
about their status, it is hoped high-risk 
users will be deterred by the threat of 
criminal punishment. 

The ownership bans represent some 
improvement over simply passing stiff
er penalties for gun-related crimes be
cause the law attempts to separate the 
potential criminal from his gun before 
he commits a crime with it. And if such 
laws could reduce the number of gun 
owners by excluding the people subject 
to the prohibition, they would indeed 
reduce violence. 

But it is no easy matter to keep guns 
away from a group of "bad guys" while 
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HUNTING WITH GUNS became an American pastime long be
fore the 1850s when lithographer Frances F. Palmer created 
"Woodcock Shooting" (above) for the publishing firm of Cur-

rier & Ives. During the past 140 years we have not changed 
our attitudes toward the legitimate uses of guns, but we have 
grown more concerned about gun-related violence. 

allowing a larger group of "good guys" 
to own millions of them. Furthermore, 
bans are not very effective when the 
purchaser does not have to prove his 
eligibility as a gun purchaser. For in
stance, a convicted felon, who is prohib
ited from acquiring a gun under federal 
law, can easily obtain one if he is will
ing to lie about his record. 

To prevent high-risk groups from 
freely obtaining firearms, many state 
and local governments now attempt to 
identify ineligible gun buyers before 
they acquire weapons. The screening 
system included in the Brady bill per
mits the police to determine whether a 
prospective gun purchaser has a crimi
nal record. If the check turns up noth
ing, or even if it is not done, the pur
chaser can obtain the gun. 

Screening systems are more effective 
than simple bans because screening pre
vents some high-risk users from obtain
ing guns even if they are willing to break 
the law. But because the screening sys
tems mean additional costs and delays 
to all who wish to buy firearms, gun
owner groups usually oppose screening. 

Screening systems and ownership 
prohibitions have a limited effect on 
homicides because most are commit
ted by people who were not previously 
convicted of a felony and therefore who 
can purchase a gun legally. Still, screen
ing systems are helpful to the extent 

that they keep firearms away from con
victed felons and minors. 

Many systems of owner screening suf
fer from another limitation. They affect 
only the purchase of weapons from 
commercial retailers. The measures do 
not apply to transactions between pri
vate citizens, who are continually sell
ing and passing on some 35 million 
handguns. Prospective criminals can 
easily steal or purchase these guns. 

To prevent the transfer of guns from 
private citizens to ineligible users, a few 
states require owners of firearms to reg
ister their weapons. In such schemes, 
owners must give information identi
fying each firearm they own. Gun ac
countability works like car registration, 
whereas owner screening is analogous 
to driver's licenses. But owner licensing 
schemes will have a limited impact on 
violence because they leave a large ar
senal of firearms to which potential 
criminals have easy access. 

T he dangers of widespread access 
to firearms can be alleviated, in 
part, by regulating guns that are 

particularly dangerous. Laws that limit 
the supply of high-risk weapons can 
complement the strategy of decreasing 
high-risk uses and users. Supply-reduc
tion laws strive to make the most dan
gerous guns so scarce that potential 
criminals cannot obtain them easily. 

The laws are justified on the grounds 
that the harm caused by owning and us
ing these particularly dangerous fire
arms is greater than the benefit, even in 
the noncriminal population. 

Supply-reduction laws usually deny 
citizens the opportunity to own a high
risk firearm unless they prove a special 
need for the weapon or belong to an 
exempt group, such as the military or 
the police. The idea behind supply re
duction is that gun-related violence will 
decrease Significantly only if the fire
arms most often used in violence are 
not available to most people. 

The first weapons singled out for 
high-risk classification were machine 
guns and sawed-off shotguns as spec
ified in the National Firearms Act of 
1934. More than three decades later fed
eral law put special restrictions on de
structive devices of military origin and 
forbade the importation of handguns 
that were classified as unsuitable for 
sporting purposes. Several current pro
posals are designed to prohibit civilian 
ownership of military assault weapons. 

Some state and local governments 
also single out the handgun as a high
risk firearm and require special licens
es to purchase handguns. The system 
in New York City is the most prominent 
example of this approach. City residents 
must demonstrate a special need for a 
handgun, whereas in permissive licens-
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Strategies for Gun Control 
COST AND EFFECT ON LEGITIMATE 

STRATEGY INCONVENIENCE USES OF GUNS 

STOP DANGEROUS USES 

� [2J Extra punishment for crimes commited 
with guns and laws that regulate the 
proper use of guns MINOR MINOR 

STOP DANGEROUS USERS 

� [2J Laws that prohibit convicted felons 
from buying guns 

MINOR MINOR 

Gun licenses for those who are not �� [2J[2J convicted felons and gun registration 
SOME SOME 

REDUCE SUPPLY OF FIREARMS 

� [2J Restrictions on ownership of exotic 
firearms 

MINOR MINOR 

Restrictions on ownership of 

��� 0[2J[2J handguns 

MAJOR MAJOR 

ing systems only high-risk users are 
disqualified. Gun-control supporters fre
quently advocate restricting the supply 
of handguns on a nationwide basis. 

But a decrease in handguns will re
duce firearm violence only if other 
guns are not substituted. It has been 
difficult so far to determine what ef
fect restrictive licensing has had. Cities 
and states that have such licensing 
schemes have found that long guns are 
not replacing handguns as crime weap
ons. But one reason for this lack of sub
stitution is that the laws have failed, so 
far, to reduce the supply of handguns 
significantly. 

It is all too easy to move guns across 
state and city borders from areas where 
guns are easily available to places where 
firearm supplies are regulated. Law en
forcement agencies in Massachusetts 
and New York City have shown that, in 
jurisdictions that have tight controls, 
more than 80 percent of guns confis
cated by police were originally acquired 
out of state. Current federal law is try
ing to inhibit the flow of firearms be
tween states, but the problem remains 
subs tantial. 

In most northeastern cities with re
strictive handgun laws, the use of guns 
in violent crime is lower than that in 
other U.S. cities. In Washington, D.C., 
the Federal Bureau of Alcohol, Tobac
co and Firearms strictly enforced feder
al laws for nine months in 1976, and it 
reported success in reducing the flow 
of firearms. But the effort was not sus
tained. Washington currently experienc
es high rates of gun-related violence 
despite a restrictive handgun law. 

Analysts do not have sufficient infor
mation to make predictions about the 
impact of gun control in the U.S. Some 
have compared the U.S. with such coun
tries as England, France, Germany and 
Holland. They have discovered that na
tions with much lower rates of firearm 
ownership have lower rates of crimes 
mvolving guns. But these Western na
tions also have much lower rates of vio
lent crimes that do not involve firearms. 

Indeed, it is the very high rate of vio
lence in the U.S. that makes the costs 
of gun use so large. The U.S. has both 
a "crime problem" and a "gun prob
lem," and each exacerbates the other. 
No Western nation has ever instituted 
strict controls under conditions similar 
to those in the U.S. �thOUgh most citizens support 

such measures as owner screen
ing, public opinion is sharply 

divided on laws that would restrict the 
ownership of handguns to persons with 
special needs. If the U.S. does not re
duce handguns and current trends con
tinue, it faces the prospect that the 
number of handguns in circulation will 
grow from 35 million to more than 50 
million within 50 years. A national pro
gram limiting the availability of hand
guns would cost many billions of dol
lars and meet much resistance from 
citizens. These costs would likely be 
greatest in the early years of the pro
gram. The benefits of supply reduction 
would emerge slowly because efforts to 
diminish the availability of handguns 
would probably have a cumulative im
pact over time. 
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POTENTIAL NUMBER 
OF LIVES SAVED PROBLEMS 

[l] Weak threat, no 
logistical barrier to 

FEW prevent gun misuse 

[l] Ineffective against 
those willing to lie 

FEW about criminal record 

[l][l] Difficult to monitor 
tens of millions of guns 

SOME 

[l][l] Little control over 
guns obtained illegally 

SOME 

[l][l][l] Costly, interferes with 
legitimate uses, little 
control over guns 

MANY obtained illegally 

At the heart of the debate over hand
gun restrictions is a disagreement about 
the character of American life in the 
21st century. Roughly half of Ameri
cans believe that strict handgun con
trol is not worth the hardship of chang
ing policy in the U.S. They assume that 
the weapons can remain a part of Amer
ican life for the indefinite future. But 
just as many Americans see the re
moval of the current stockpile of hand
guns as a necessary down payment on 
the American future. They regard free 
availability of handguns as a severe 
threat to urban life. American policy on 
handgun control will ultimately depend 
on which of these attitudes prevails. 
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D. Newton and Franklin E. Zimring. U.S. 
Government Printing Office, 1969. 

UNDER THE GUN: WEAPONS, CRIME, AND 
VIOLENCE IN AMERICA. James D. Wright, 
Peter H. Rossi and Kathleen Daly. AJ
dine de Gruyter, 1983. 

THE CITIZEN'S GUIDE TO GUN CONTROL. 
Franklin E. Zimring and Gordon Haw
kins. Macmillan Publishing, 1987. 

CRIME IN THE UNITED STATES: UNIFORM 
CRIME REpORTS, 1990. Printed annually 
by the Federal Bureau of Investigation. 
U.S. Government Printing Office, 1991-
282-076/45217. 

THE INJURY FACT BOOK. Susan P. Baker, 
Brian O'Neill, Marvin J. Ginsburg and 
Guohua Li. Oxford Urtiversity Press (in 
press). 
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The Nuclear Equation of State 
By describing how nuclear matter behaves at various temperatures 

and pressures, the equation offers a glimpse of new phases 
of matter and conditions inside a supernova or during the big bang 

N o container on the earth can 
withstand the force of an ex
ploding star. A successful effort 

to reproduce the big bang would de
stroy all matter as we know it-includ
ing the experimenters. Scientists who 
study astrophysics and cosmology 
therefore must often inform observa
tion with speculation about how matter 
behaves under extreme pressure and at 
high temperatures and densities. In
deed, matter under such conditions 
can become quite exotic, perhaps con
sisting solely of a large number of free 
quarks. But by using powerful accel
erators and sophisticated theoretical 
models, physicists at leading research 
centers around the world are exploring 
such ultradense matter quantitatively. 
Specifically, they are probing its nucle
ar equation of state. 

An equation of state describes how 
the pressure of matter varies under dif
ferent regimes of density and temper
ature. In the world more accessible to 
our senses, the equation details the 
macroscopic behavior of the four states, 
or phases, of matter. For instance, at 
sea level, where the pressure is one 
standard atmosphere, water becomes 
a solid below zero degrees Celsius 

HANS GUTBROD and HORST STOCKER 
approach nuclear physics from an ex
perimental and theoretical perspective, 
respectively. Gutbrod, a scientist at the 
European laboratory for particle physics 
(CERN) near Geneva and at the lnstitute 
for Heavy-Ion Research (GsI) in Darm
stadt, received his Ph.D. from the Max 
Planck Institute for Nuclear Physics in 
Heidelberg. He has been involved in a 
number of key developments in nuclear 
phYSiCS, including the discoveries of flow 
phenomena and nuclear shock waves. 
Stocker is professor of physics at the Uni
versity of Frankfurt, where he received 
his Ph.D. He holds a joint appointment at 
the GSI and serves as a consultant to the 
Lawrence Berkeley Laboratory, the Brook
haven National Laboratory and the Law
rence Livermore National Laboratory. 

by Hans Gutbrod and Horst Stocker 

and turns into a vapor above 100 de
grees C. At still higher temperatures, 
the water vapor dissociates into its con
stituent hydrogen and oxygen ions, or 
atoms stripped of their electrons, form
ing a state known as plasma. 

Nuclear matter exhibits similar "phas
es." By analogy, massive nuclei, which 
are made up of many nucleons (pro
tons and neutrons), would represent 
the liquid phase. A solid phase could 
be represented by condensates of the 
nuclear fluid, such as particles called 
density isomers. The vapor phase would 
consist of a dilute gas of light nuclei 
and free nucleons. An assembly of free 
quarks and gluons corresponds to the 
plasma phase. Quarks are the funda
mental building blocks of the class of 
particles called hadrons. Hadrons in
clude protons and neutrons (made up 
of three quarks each) and other, less 
familiar, particles, such as pions (which 
consist of a quark and an antiquark ). 
Gluons bind quarks together. 

Simple experiments using ordinary 
laboratory apparatus can describe the 
phases of water and hence determine 
its equation of state. Such data are per
haps best expressed in terms of a 
phase diagram, which plots density 
against temperature. The phases of wa
ter are bounded by curves, which in
clude such data points as zero and 100 
degrees C at one atmosphere. 

The different phase transitions in the 
nuclear equation of state can be repre
sented by a similar plot. The exact val
ues for the boundary curves, however, 
are much more difficult to determine 
than are those for water. Nucleons 
cling strongly to one another, "boiling" 
only when the temperature reaches 
50 to 100 billion kelvins [see "Hot Nu
clear Matter," by Walter Greiner and 
Horst Stocker; SCIENTIFIC AMERICAN, 

January 1985]. 
To probe the nuclear equation of 

state-that is, the dependence of the 
pressure on the temperature and den
sity-researchers first developed theo
retical models. Such mathematical de-
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PARTICLE DETECTOR at the Institute 
for Heavy-Ion Research records hun
dreds of collision events each second. 
The particles produced by a beam of 
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scriptions usually start with the energy 
. of each proton and neutron in the nu

cleus. The energy depends on the den
sity and temperature within the nucle
us. The pressure in the system is ex
pected to rise as the density and the 
energy per particle increase. 

S uch straightforward model cal
culations are based on the one and 
only point of the equation of state 

precisely known so far. This point is at 
the ground state of the nuclei, where the 
pressure and temperature are zero and 

the nuclear density is about 3 x 1014 
grams per cubic centimeter. The calcula
tions then extrapolate to finite tempera
tures and densities, assuming certain 
parameters that remain constant. 

But these parameters may not hold 
under extremely hot amI. dense (or 
even dilute) conditions, such as those 
that prevail when some stars die. As 
the stellar material collapses inward, 
the nuclear density at the center begins 
to rise, eventually exceeding the densi
ty within a typical nucleus by a factor 
of five to 10. The infalling matter hits 

the hard core and forms what will be 
the newly born neutron star. At the 
same time, a shock wave travels out
ward and results in an outburst of mat
ter and light from the star, observed 
from the earth as a supernova [see 
"How a Supernova Explodes," by Hans 
A. Bethe and Gerald Brown; SCIENTIFIC 

AMERICAN, May 1985]. 
Hans A. Bethe of Cornell University, 

Gerald Brown of the State University of 
New York at Stony Brook and Sid Ka
hana of Brookhaven National Laborato
ry in Upton, N.Y., and their colleagues 

heavy ions colliding with a target (not shown) travels from 
left to right. The two octagonal structures (left) detect frag
ments emitted perpendicularly with respect to the direction 
in which the beam of particles travels. The beam enters the 

Aladin spectrometer (right), shown here being prepared for 
an experiment. Aladin detects the particles in the beam that 
have simply glanced off the target. The measurements help 
researchers to decipher the nuclear equation of state. 
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argued that powerful supernova explo
sions could be achieved only if the nu
clear equation of state is extremely 
"soft"-that is, only if nuclear matter 
is rather easily compressed, so that an 
increase in density would result in only 
a slight increase in pressure. 

But can a supersoft equation of state 
stabilize neutron stars and thus pre
vent them from becoming black holes? 
Although neutron stars with fairly low 
masses have indeed been observed, Nor
man K .  Glendenning of the Lawrence 
Berkeley Laboratory has demonstrated 
that the nuclear equation of state must 

be much stiffer-that is, the pressure 
and the energy per particle must rise 
more quickly than simplified superno
va calculations would indicate. 

Clearly, the nuclear equation of state 
in this and other situations would re
main elusive without experimental data. 
How can a laboratory produce condi
tions similar to those that occur when 
stars die or those that prevailed in the 
universe shortly after the big bang? The 
answer is to produce a "little bang." 

Efforts to create such a dense, hot 
state of matter began in the late 1960s 
and early 1970s. At that time, Werner 

The Structure of Matter 
Atoms, which constitute all matter, consist of electrons and nuclei. Nuclei are 

J-\. built up of protons and neutrons, collectively called nucleons. Nucleons 
consist of quarks. Two up quarks (each with +2/3 electric charge) and a down 
quark (-1/3 charge) make up the positively charged proton; the neutron, a 
neutral particle, consists of an up quark and two down quarks. Gluons bind 
quarks together. 

NEUTRON 
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Scheid and Walter Greiner and their 
colleagues at the University of Frank
furt, as well as George F. Chapline, 
Michael H. Johnson, Edward Teller and 
Morton S. Weiss of the Lawrence Liv
ermore National Laboratory, offered a 
proposal. The collision between two 
heavy nuclei accelerated to a speed of 
more than about one quarter the speed 
of light can generate a high-density 
shock wave. Such a shock wave would 
compress nuclear matter, achieving den
sities and temperatures high enough to 
test and improve predictions about the 
nuclear equation of state. 

Because the researchers imagined 
that nuclei were much like droplets of 
water, their description is called the hy
drodynamic model. A collision between 
nuclear droplets essentially boils them 
into the vapor phase, which comprises 
many particles and light nuclei collec
tively referred to as fragments. 

T he first and for a long time the 
only experimental device to test 
the idea of creating the nuclear 

shock waves was the Bevalac, built in 
1974 at the Lawrence Berkeley Labora
tory (LBL). The Bevalac imparts energy 
to a beam of ions, accelerating them. 
Subsequent improvements in technolo
gy have enabled the Bevalac to acceler
ate ions to energies between one and 
two billion electron volts (GeV), de
pending on the mass of the nuclei. 
Such energies correspond to nearly 95 
percent the speed of light, far exceed
ing the speed of sound. The accelerat
ed beam then collides with nuclei in a 
stationary target. The resulting frag
ments provide information about the 
temperature and pressure in the colli
sion-and thus about the nuclear equa
tion of state. 

Photographs made during the colli
sion provided the initial means of de
tecting the fragments. The images con
sisted of a number of tracks left by 
particles as they travel through a medi
um [see "Tracking and Imaging Ele
mentary Particles," by Horst Breuker, 
Hans Drevermann, Christoph Grab, 
Alphonse A. Rademakers and Howard 
Stone; SCIENTIFIC AMERICAN, August]. 
Erwin Schopper of the University of 
Frankfurt, Harold H. Heckman of the 
University of California at Berkeley and 
Ingvar Otterlund of the University of 
Lund in Sweden led several experimen
tal groups in pioneering this research 
technique. 

Yet because analyzing data visually 
is rather slow, it has been difficult to 
achieve convincing, statistically Signifi
cant results. Electronic detectors im
proved the speed of data analysis, but 
they could identify only one or few par-

© 1991 SCIENTIFIC AMERICAN, INC



ticles for every collision. In addition, 
they could not distinguish less violent 

. 
(and less interesting) glancing impacts 
from head-on collisions. Investigators 
therefore developed more complex de
tection concepts. In particular, they 
found that one can identify central 
events by measuring the total number 
of emitted particles: if many particles 
result from the impact, then the projec
tile and target have collided head-on. 

One instrument that can identify 
central collisions is the streamer cham
ber at LBL. Reinhard Stock of the Uni
versity of Frankfurt, Rudolf Bock of the 
Institute for Heavy-Ion Research (GSI) in 
Darmstadt and the late Howard G. Pugh 
from the LBL headed a collaboration 
between the LBL and the GSI that pio
neered the chamber's use. Several cam
eras photograph each interesting reac
tion. An analysis of the track curvature 
and thickness reveals the momenta 
and charge of each fragment. 

A GSI-LBL group headed by Arthur M. 
Poskanzer, Hans-Georg Ritter and one 
of us (Gutbrod) focused on another in
strument. We developed the first elec
tronic detector in nuclear physics that 
recorded information over an entire 
spherical area. This detector, called the 
Plastic Ball spectrometer, collects data 
at a high rate, identifying the mass, 
charge, energy and angle of emission 
of nearly all the charged particles from 
many events. 

T he capabilities of the Plastic Ball 
spectrometer turned out to be 
very important for the study of 

central collisions between massive nu
clei. Some theoreticians had strongly 
criticized the predictions made by the 
Frankfurt school. They believed that the 
nuclei would not stop but instead would 
pass through one another. Shock waves 
and high-density matter would there
fore not form in the laboratory. 

But in early experiments, the Plas
tic Ball group observed that nuclei do 
indeed stop each other at energies as 
high as 2 GeV per nucleon. The clearest 
proof came in 1990, when analysis of 
data taken five years before showed 
that initial projectile and target nuclei 
completely disappeared; the resulting 
pile of nuclear debris was virtually at 
rest where the center of mass of the 
two nuclei would be expected to lie. 

The formation of nuclear shock waves 
should lead to a second observable out
come: a collision would produce sub
stantial numbers of pions. Pions be
long to a family of moderately massive 
particles called mesons; they bind nu
cleons to one another. In the 1970s 
Scheid, Greiner and one of us (Stocker) 
suggested that if the hydrodynamic 
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PHASE DIAGRAM renders the nuclear equation of state in graphic form. Nuclear 
matter in its normal phase resembles a liquid. Increasing the temperature or densi
ty "boils" nuclei into the hadron gas phase. Under extreme density but low temper
ature, nucleons could become "frozen," forming condensates. Further heating or 
compression may produce the plasma phase, which would consist of free quarks 
and gluons. The gas and plasma phases may exist simultaneously over a wide re
gion. Particles that have strange quarks, such as multistrange, metastable objects 
("memos") and strangelets, may also form. 

shock-wave model is correct, then the 
yield of pions should rise linearly as 
the bombarding energy increases. The 
rate of increase would be a direct mea
sure of the nuclear equation of state. 
The GSI-LBL streamer chamber group 
tested this theory in the early 1980s 
and indeed observed the predicted lin
ear rise. 

The number of pions and their ener
gy spectra captured by the streamer 
chamber data enabled the researchers 
to calculate the effective temperature 
in the stopped heap of nuclear matter. 
Both sets of calculations yielded tem
perature values of up to 1.5 X 1012 kel
vins (150 million electron volts [MeV]) 
in the collision zone, the highest nucle
ar temperatures ever measured in the 
laboratory. Plotting the temperature 
against the density of the colliding nu
clei would yield a phase diagram, which 
characterizes the nuclear equation of 
state. We have not yet been able to mea
sure directly the density reached in the 
collision, however. Theoretical correc
tions substantially complicate quantita
tive determination from these data. 

Using the hydrodynamic model, 

Gerd Buchwald, Gerhard Graebner and 
Joachim Maruhn of the University of 
Frankfurt formulated a third prediction 
that would prove that nuclear shock 
waves form: the fragments of the col
lided, stopped nuclei should move to
gether in a sideward, "transverse" di
rection with respect to the original di
rection of motion. The more head-on 
the collisions, the greater the collective 
sideward flow. 

Nucleons that do not hit the target 
directly should bounce off the dense, 
hot central region. They retain their 
motion in the plane of impact, much as 
a cue ball in billiards does after a glanc
ing shot. This bounce-off motion acts 
as a barometer: it measures the pres
sure exerted by the dense, central mat
ter. Investigators determine the pres
sure quantitatively by examining the 
sideward flow: the greater the flow, the 
higher the pressure. 

E arly Plastic Ball experiments used 
beams of calcium ions. The parti
cles emitted from the collision of 

such light ions did not flow sideways, as 
theory had predicted. But experiments 

SCIENTIFIC AMERICAN November 1991 61 

© 1991 SCIENTIFIC AMERICAN, INC



! 

t 
SQUEEZE OUT 

2 

/ 

3 

Q 
�� BOUNCE OFF 

(J 
COllIDING NUCLEI provide the key mechanism for investigating the nuclear equa
tion of state. Here two gold nuclei collide slightly off center (1). In the hot compres
sion zone formed by the shock wave, matter composed of protons, pions and other 
light particles (perhaps quarks and gluons) is squeezed out at right angles to the re
action plane (2). The renmants of the two nuclei then bounce off each other (3). 
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with heavier beams, consisting of niobi
um and gold, revealed sharp, sideward 
patterns, even in off-center collisions. 
The data confirmed the hydrodynamic 
model calculations. 

Still, the dependence of the data on 
the mass of the projectile and target
in particular, the observed small flow 
in the calcium system-needed expla
nation. Arnold R .  Bodmer, now at the 
University of Illinois at Chicago, and 
Bernd Schurmann of the University of 
Munich suggested that nonequilibrium 
effects, such as nuclear viscosity and a 
small but finite mean free path (the av
erage distance a particle travels before 
colliding with another particle), might 
be responsible. 

Hans Kruse, Barbara V. Jacak, Joseph 
Molitoris and Stocker, then at Michi
gan State University, first demonstrat
ed that this is indeed quantitatively 
possible. Other theorists later general
ized the model, treating the nucleons 
as small wave packets that move under 
the mutual influence of other nucleons. 
The generalizations made by these the
orists-Jorg Aichelin of the University 
of Heidelberg and Albrecht Rosenhau
er, Georg Peilert, Christoph Hartnack , 
Maria Berenguer, Walter Greiner and 
Stbcker of the University of Frankfurt
are referred to as the quantum molecu
lar dynamiCS model. 

Like the hydrodynamic model, the 
quantum molecular dynamics model 
predicts collective sideward flow. But 
the model also explains why heavy nu
clei create more sideward flow than do 
lighter ones. Compression in the shock 
zone is greater when heavy ions col
lide than it is when light ions do. As 
the pressure in the shock zone increas
es, so does the force the shock exerts 
on the surrounding matter from which 
the fragments form. An observer sees 
the momentum transfer as an increased 
flow of fragments in the scattering 
plane. Plastic Ball experiments ana
lyzed by Karl-Heinz Kampert of the 
University of MUnster have confirmed 
the theory propounded by Peilert and 
his colleagues. 

The Frankfurt theorists anticipated 
a fourth experimentally observable 
effect in the collision of nuclei: mat
ter in the central portion should be 
squeezed so strongly that some of it 
should be ejected in a direction perpen
dicular to the scattering plane. The phe
nomenon is called off-plane squeeze 
out. In 1989 Kampert and Hans-Rudi 
Schmidt of the GSI analyzed Plastic Ball 
data and confirmed the phenomenon's 
existence. In addition, they found that 
the magnitude of the squeeze out in
creases linearly as the mass of the col
liding nuclei rises. The result supports 
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the prediction made by Hartnack and 
his co-workers and proves unambigu
ously that the central, compressed re
gion is sufficiently dense to study the 
equation of state. � we anticipated, the compressed 

nuclear matter has yielded much 
information on the hot, dense 

nuclear medium. Current data indicate 
that the equation of state seems to "stif
fen" continuously: the energy of each 
nucleon rises as density increases. The 
temperatures achieved are so high that 
heavy nuclei do in fact boil and become 
a vapor of light nuclei and free nucle
ons. These results have been obtained 
only for moderately high densities, cor
responding to maximum energy den
sities equal to about two to three times 
that in normal nuclear matter. But a 
complete description of the nuclear 
equation of state-in particular, the ex
ploration of the plasma phase-re
quires observations over much greater 
energy densities than existing accelera
tors can achieve. 

Very heavy nuclei must collide at en
ergies of much more than 2 GeV -to cre
ate the plasma phase. Such high ener
gies are sometimes referred to as ultra
relativistic, because the velocity of the 
nuclei approaches the speed of light. 
Calculations must then consider the 
effects of relativity. Even the GSI'S new 
Schwerionen Synchrotron (SIS) accelera
tor, the most powerful heavy-ion accel
erator operating today, does not come 
close to the ultrarelativistic regime. In 
the summer of 1990, SIS successfully ac
celerated ions of gold-one of nature's 
heavier elements. The device can pro
duce densities that exceed normal nu
clear density by a factor of two to three. 
Yet this density is probably only about 
one half to one quarter of that needed 
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to mimic the matter of collapsed stars. 
In the plasma state we hope to create 

at ultrarelativistic energies, quarks and 
gluons would no longer remain confined 
to the interior of hadrons but instead 
would propagate over distances the size 
of the nucleus. In 1978 Chapline and 
Michael Nauenberg of the University of 
California at Santa Cruz and, indepen
dently, Walter Greiner and Stocker pre
dicted that the extreme densities and 
temperatures necessary for quark mat
ter production can be reached in heavy
ion collisions of about 10 GeV per nucle
on, but only for a fleeting moment. 

Workers would like very much to col
lide very heavy nuclei at such energies. 
We have a poor understanding of what 
happens when two nucleons (or more 
generally two hadrons) collide so vio
lently. The tremendous amount of ki
netic energy in an inelastic collision not 
only should show up in the energy and 
momentum of the originally colliding 
constituents but also should create 
particle and antiparticle pairs. For in
stance, if the kinetic energy exceeds 
270 MeV, then a positive and a nega
tive pion might form. 

To describe such ultrarelativistic col
liSions, theorists at the University of 
Lund and the University of Saclay have 
envisioned the collision of hadrons as 
the excitation of two massive strings 
rather than the collision of liquid drops. 
The strings extend like rubber bands 
between the quarks that have been hit 
and those that have not. The string 
stores potential energy as the end 
points move apart at high velOCity. 

Eventually, the strings break and 
fragment into quark-antiquark pairs. 
The number of such pairs reflects the 
transfer of energy and momentum in 
the collision. The quark pairs quickly 
develop into hadrons (predominantly 
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pions). In a nuclear collision, many 
strings and hadrons might exist simul
taneously. If so, the system could devel
op into the quark-gluon plasma. Had
rons would then form much as they 
did shortly after the big bang: they 
would condense out of the quark-gluon 
plasma in a phase transition only af
ter expansion reduced the energy den
Sity-that is, when the system cooled. 

T o predict the experimental out
comes of the relativistic heavy
ion collisions, Heinz Sorge, An

dreas von Keitz, Raffaele Mattiello, An
dre Jahns, Luke Winkelmann, Thomas 
SchOnfeld, Walter Greiner and Stacker 
of the University of Frankfurt developed 
a relativistic extension of the quantum 
molecular dynamics model. They pre-
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SQUEEZE OUT is a phenomenon that has 
only recently been confirmed by experi
mental data. It manifests itself as sharp 
increases in the kinetic energy of the 
particles emitted 90 degrees above and 
below the reaction plane. 
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SEVERITY OF IMPACT determines if two nuclei (each here 
moving at 0.34 the speed of light) stop each other. The veloc
ities of the resulting fragments tend toward zero as collisions 

become more direct (a and b). In a head-on collision, virtually 
all the mass is at rest and concentrated where the center of 
mass of the two nuclei would be expected to lie (e). 
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dicted that experimenters should ob
serve substantially more stopping and 
much higher densities in collisions be
tween heavy nuclei, such as gold ions, 
than they would in collisions between 
light ions-for example, those of sili
con. Their calculations also imply that 
collective flow should be observable 
even at these ultrarelativistic energies. 
The predicted bounce-off and squeeze
out effects would also provide details 
on the equation of state of the quark
gluon plasma: they could also serve 
here as barometers to measure the pres
sure in the ultradense quark matter. 

The theoretical models have achieved 
an extraordinary level of refinement. In 
addition to being able to predict exper
imental outcomes, they can be used to 
describe the transient stages of a colli
sion, especially the early phases when 
the matter is most strongly heated and 
compressed. 

But existing accelerators cannot im
part enough energy to very heavy ions 
(which contain about 200 nucleons) to 
form the plasma phase. Even if they 
could, many of the conditions needed 
to form the quark-gluon plasma would 
continue to challenge experimental ver
ification. For instance, the spectra of 
the pions produced in the collision 
should signal plasma formation. But pi
ons are subject to a complicated dy
namic evolution during the expansion 

of the system, a process that could dis
tort the information they proffer. Fur
thermore, researchers do not know how 
to determine the exact size of the reac
tion zone at maximum compression. 

Because of the limitations of current 
heavy-ion accelerators, some physicists 
are searching for the plasma through 
the collision of light ions, which consist 
of about 30 nucleons. Measurements 
indicate energy densities of about 10 
to 20 times the normal nuclear energy 
density-close to the critical energy 
density considered necessary to form 
the quark-gluon plasma. 

But GSI-LBL results immediately raise 
the question of whether the quark-gluon 
plasma can form when light ions col
lide. light ions are most likely not thick 
enough to stop one another and there
by form a state of dense matter. But 
even if quark-gluon plasma can form in 
light systems, it will expand quickly, 
cool and undergo a phase transition 
into hadronic matter. One must there
fore find signals that come only from 
the transient existence of the quark
gluon plasma. Such signals would be 
more difficult to detect in light-ion sys- . 
tems than in heavy-ion ones because of 
high background noise. 

Some researchers would prefer to 
search for the quark matter phase via 
weakly interacting particles, such as 
photons or pairs of leptons (electrons, 

1015r-------------------�--------�------------------------__. 

• QUARK-GLUON 
• PLASMA 

NUCLEOSYNTHESIS 

ATOMS FORMED 

* 
1 1 1 1 10 

TIME AFTER BIG BANG (SECONDS) 

NOW 

TEMPERATURE OF THE UNIVERSE has been falling since the big bang. During the 
first microsecond, all matter is thought to have existed as quark-gluon plasma. As 
the universe expanded and cooled, more complex matter condensed out of the 
plasma, eventually forming the atoms observable today. Accelerators now under 
construction should be able to heat nuclei to 2 x lO12 kelvins (200 million electron 
volts [MeV]), perhaps creating the much sought after primordial quark matter. 
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muons and their antimatter counter
parts). The photons and leptons form 
in the very hottest part of the system 
and penetrate the surrounding material 
without reacting. They thus provide a 
direct signal of the initial plasma phase 
as described by the nuclear equation 
of state. 

Such particles have offered some 
tantalizing hints of the production of 
the plasma phase. In 1988 a collabora
tion at CERN detected a dramatic drop 
in the production of muon-antimuon 
pairs, a plasma signal predicted by Tet
suo Matsui of the Massachusetts Insti
tute of Technology and Helmut Satz of 
CERN. The particles result from the de
cay of certain hadrons. But, as shown by 
Sean Gavin and Miklos Gyulassy of LBL, 

the formation of an ultradense hadron 
fluid rather than the quark-gluon plas
ma can account for the observed drop
off. More conclusive evidence may come 
from workers at CERN, who are current
ly searching for the direct photons in 
collisions between a light nucleus (sul
fur) and a heavy target (gold). 

In the mid-1980s Peter Koch of the 
University of Regensburg, Johann Raf
elski of the University of Arizona and 
Bernd Milller of Duke University pro
posed that another potential signal of 
the quark-gluon plasma may exist. If 
the plasma actually forms, then the 
abundant thermal gluons will most 
probably fuse to form many pairs of 
strange and antistrange quarks. 

Because single quarks cannot exist in 
an unbound state, they would coalesce 
into abundant numbers of strange and 
antistrange elementary particles called 
kaons and hyperons. The enhanced pro
duction of such entities would signal 
the presence of a quark-gluon plasma. 

Using the facilities at Brookhaven Na
tional Laboratory, a Japanese-American 
collaboration of workers from 10 dif
ferent institutions recently reported en
hanced strangeness production. The 
group bombarded a gold target with 
a 15-GeV-per-nucleon silicon beam. It 
found a strongly increased production 
of kaons. Further evidence of enhanced 
strangeness came from two internation
al collaborations working at CERN. The 
groups, headed by Emanuele Quercigh 
of CERN and Stock , observed a large in
crease in the number of antihyperon 
particles produced. All these observa
tions can be explained by the forma
tion of the quark-gluon plasma. Theo
retical studies by Mattiello, Sorge, Wal
ter Greiner and StOcker, however, show 
that the enhanced kaon yield and spec
tra can be understood if an ultra dense 
hadron fluid rather than the quark-glu
on plasma forms. The antihyperon pro
dUction, however, has stumped many 

© 1991 SCIENTIFIC AMERICAN, INC



ABSOLUT MDENCE. 
TO SEND A GIFT OF ABSOLUT®VODKA (EXCEPT WHERE PROHIBITED BY LAW) CALL 1-800-243-3787. 

PRODUCT OF SWEDEN. 40AND 50% ALCIVOL (80AND 100 PROOF). 100% GRAIN NEUTRAL SPIRITS. ©1991 V&S.IMPORTED BY CARILLON IMPORTERS, LTD, TEANECK, NJ. 

© 1991 SCIENTIFIC AMERICAN, INC



PARTICLE TRACKS produced in a collision between two nuclei yield information 
about the dynamics of the interaction. Such head-on collisions (left part of image) 
produce hundreds of charged particles, mostly protons and pions. 

theorists and remains an intriguing 
puzzle. 

O ther, even more exotic, parti
cles may form from the plasma 
phase. Their presence would 

unambiguously confirm the existence of 
the plasma and provide a manifestation 
of the nuclear equation of state in a 
hitherto unexplored realm. For instance, 
the plasma phase might yield globules 
that consist of a large number of up and 
down quarks. In that case, one would 
speak of multiquark droplets. The drop
lets must be relatively massive; other
wise all nuclei would be unstable and 
decay. But if the droplets also contain 
strange quarks, they may be stable. Sui 
Chin and Arthur K .  Kerman of M.LT. 
and Larry D. McLerran and James D. 
Bjorken, then at Stanford University, 
proposed two reasons for the stability 
of such "strangelets." 

First, the lowest available quantum 
states are occupied. Therefore, any po
tential transition to these states runs 
afoul of the Pauli exclusion principle, 
which holds that every quantum state 
can be occupied only by a single par
ticle. (It is the quantum analogue of 
Archimedes' principle: where there is 
one body there cannot be another.) The 
exclusion principle suppresses the de
cay of a strange quark into an up quark . 

The second explanation involves an 
increase in the binding energy of the 
system. Conceivably, strange quark mat
ter could be bound strongly enough to 
become absolutely stable. This condi
tion, proposed by Bodmer, Edward Wit
ten of Princeton University and Edward 
Farhi and Robert L .  Jaffe of M. I .T., 
would represent the true ground state 

of matter-that is, the zero point of the 
nuclear equation of state. 

But such a conclusion depends on a 
particular choice of parameters in the 
unknown equation of state of quark 
matter. Other theories hold that a quark 
droplet may be only metastable. The 
droplet could decay slowly, emitting a 
nucleon and a pion. Even longer life
times could be possible if the energy of 
the strangelet is such that it inhibits 
the decay into a proton and a pion. Nei
ther form of strangelet stability can be 
ruled out from present knowledge. 

In 1987 Carsten Greiner of the Uni
versity of Erlangen, Dirk Rischke of the 
University of Frankfurt, Koch and Stock
er discovered a mechanism that could 
produce strange quark matter droplets 
in heavy-ion collisions. These predic
tions have spurred collaborations head
ed by Jack Sandweis of Yale University, 
Henry ]. Crawford of the LBL and P. Bu
ford Price of the University of Califor
nia at Berkeley, and a CERN group. 

Furthermore, an abundant produc
tion of strangeness opens up the in
triguing possibility of producing meta
stable exotic multistrange objects, or 
"memos." Such objects would consist 
predominantly of hyperons. Both mem
os and strangelets would be readily de
tected. Unlike normal nuclei, they are 
thought to be electrically neutral or neg
atively charged. As a result, their mo
tions through a magnetic field would be 
easily distinguished from normal nuclei. 

Physicists are looking forward to 
several exciting opportunities to 
probe the nuclear equation of 

state and the plasma phase. The SIS 

facility at the GSI has initiated a new re-
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search program. Scientists worldwide 
have even begun to discuss. plans to 
create accelerators that can operate 
at ultrarelativistic energies. The Boost
er project at Brookhaven is being com
missioned and will enable the Alternat
ing Gradient Synchrotron (AGS) to col
lide gold ions at 11 GeV per nucleon 
by 1994. Brookhaven is also construct
ing the Relativistic Heavy-Ion Collider 
(RHIC). This device should be ready 
by 1997 and will accelerate gold ions 
to 20 trillion electron volts (TeV) per 
nucleon. 

CERN has proposed building by 1994 
an injector that accelerates lead beams 
to 200 GeV per nucleon. The laborato
ry's leadership also intends to install a 
new accelerator, the Large Hadron Col
lider (LHC), inside the Large Electron
Positron collider tunnel at CERN. There 
collisions between lead ions will have 
the equivalent of more than 12,000 TeV 
per nucleon. A completely unknown re
gime of hadronic matter would become 
accessible for study. 

Even peripheral collisions at these 
energies hold great promise. Recently 
Mathias Grabiak , Gerhard Soff and Wal
ter Greiner of the University of Frank
furt and others suggested such ultra
relativistic collisions of heavy ions can 
produce the searched for Higgs parti
cle. Theorists believe the particle gener
ates the masses of other fundamental 
particles, such as the Wand Z bosons. 
Its discovery would provide the math
ematical consistency necessary in the 
standard model of the forces in nature 
[see "The Higgs Boson," by Martinus J. 
G. Veltman; SCIENTIFIC AMERICAN, No
vember 1986]. 

Clearly, the tremendous progress in 
studying the nuclear equation of state 
has been possible only through close 
collaboration among theorists, experi
mentalists and engineers. Future high
energy collision experiments may pro
duce the plasma phase of nuclear mat
ter as well as exotic particles never 
before observed. 
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Amyloid Protein 
and Alzheimer's Disease 

When this protein fragment accumulates excessively in the brain, 
Alzheimer's disease may be the result. Understanding 

how that fragment forms could be the key to a treatment 

I
magine surmounting life's great 
and small hurdles only to face at 
the end the relentless and devastat

ing loss of one's most human qualities: 
reasoning, abstraction, language and 
memory. Such a fate now awaits mil
lions of individuals in races and eth
nic groups worldwide. The dramatic rise 
in life expectancy during this century, 
primarily through the cure of infectious 
diseases, has enabled many of us to 
reach an age at which degenerative dis
eases of the brain-particularly Alzhei
mer's disease-become common. 

Most of us were raised on the notion 
that a grandparent who became con
fused and forgetful had "hardening of 
the arteries." Dementia, the failure of 
cognitive ability, was widely assumed 
to be a natural accompaniment of old 
age. But neuropathological studies dur
ing the past two decades have shown 
that the brain lesions first described by 
the Bavarian psychiatrist Alois Alzhei
mer in 19 0 7 -senile plaques and neu
rofibrillary tangles-are the most com
mon basis for late-life dementia in 
many developed countries. 

DENNIS J SELKOE is co-director of the 
Center for Neurologic Diseases at Brig
ham and Women's Hospital in Boston 
and professor of neurology and neuro
science at Harvard Medical School. He re
ceived his bachelor's degree from Colum
bia University and his medical degree 
from the University of Virginia. After re
search training at the National Institutes 
of Health, Selkoe completed a fellowship 
in biochemistry and neuronal cell biol
ogy at Harvard Medical School and Chil
dren's Hospital in Boston. In 1978 he 
founded an independent research labo
ratory for the study of Alzheimer's dis
ease and related neurobiological phenom
ena. In 1988 the NIH presented Selkoe 
with its Leadership and Excellence in Alz
heimer's Disease Award. 

by Dennis J. Selkoe 

The loss of memory, judgment and 
emotional stability that Alzheimer's dis
ease inflicts on its victims occurs grad
ually and inexorably, usually leading to 
death in a severely debilitated, immo
bile state between four and 12 years 
after onset. The cost to American so
ciety for diagnosing and managing Alz
heimer's disease, primarily for custodi
al care, is currently estimated at more 
than $80 billion annually. No treatment 
that retards the progression of the dis
ease is known. 

How should scientists interested in 
deciphering and ultimately blocking this 
complex disorder begin their attack? 
The answer appears increasingly to lie 
in uhderstanding the genesis of its hall
mark: the so-called senile plaques that 
occur in huge numbers within the cere
bral cortex, the hippocampus, the amyg
dala and other brain areas essential for 
cognitive function. Recent discoveries 
indicate that such work is indeed pro
viding powerful clues about the ear
liest events in the mechanism of the 
disease. 

Peering through the microscope at 
the brain of his first patient, Alzheimer 
wrote prophetically: "Scattered through 
the entire cortex, especially in the up
per layers, one found miliary foci that 
were caused by the deposition of a pe
culiar substance in the cerebral cortex." 
Evidence emerging from many labora
tories during the past seven years indi
cates that this "peculiar substance" is 
a protein fragment, approximately 4 0  
amino acids long, referred t o  a s  the 
amyloid beta-protein. It arises from 

cleavage by enzymes of a much larger 
precursor protein el).coded by a gene 
on human chromosome 2 1 . 

The study of the amyloid beta-pro
tein has helped to clarify the genetic 
basis of Alzheimer's disease. It has long 
been known that at least some cases 
are caused by genetic abnormalities: in 
some families, roughly one half of each 
generation acquires this familial type of 
Alzheimer's disease. People with Down's 
syndrome, who are born with three 
copies of chromosome 2 1  instead of 
the normal two, almost always acquire 
the brain lesions typical of Alzheimer's 
disease prematurely, by their forties 
or fifties. The behavior and mental abili
ties of many Down's syndrome patients 
seem to decline further at about the 
same time. 

Discoveries about the genetic mech
anisms regulating the accumulation of 
amyloid beta-protein are helping us un
derstand why past attempts to treat 
Alzheimer's disease have been so fruit
less-and they are steering us toward 
new treatments that may be Significant
ly more successful. 

T
he story of the beta-protein in 
Alzheimer's disease begins with 
the neuropathologist. Even before 

the time of Alzheimer, pathologists 
knew that the human cerebral cortex 
sometimes contained variable numbers 
of spherical plaques. These plaques con
sisted of altered axons and dendrites 
(the long, tapering ends of neurons, col
lectively called neurites) surrounding an 
extracellular mass of thin filaments. Un-

ROLE OF AMYLOID BETA-PROTEIN in causing Alzheimer's disease is illustrated ac
cording to one hypothesis. Amyloid beta-protein, which may be released by neu
rons, by glial cells or by cells in the circulatory system, accumulates in the ner
vous system as innumerable diffuse plaques (top). The beta-protein, various glial 
cells and other proteins that become embedded in the plaque matrix as it matures 
may then gradually cause nearby neurons to degenerate (bottom). 
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der the microscope, these filaments re
sembled similar extracellular deposits 
that accumulated in other organs in a 
variety of unrelated diseases. 

In 1853 the great German pathol
ogist Rudolf Virchow called such de
posits "amyloid," an unfortunate term 
because it implied that the deposits 
were made of a starchlike substance. 
Chemical studies have shown that the 
principal constituents of the amyloid 
filaments are actually proteins and 
that the identity of the proteins differs 
among the various diseases marked by 
the deposition of amyloid. The common 
thread among these disparate diseases, 
or amyloidoses, is that they are char
acterized by innumerable extracellular 
deposits of normal or mutated protein 
fragments. Moreover, the protein sub
units are always folded in a particular 
three-dimensional pattern called a beta
pleated sheet. 

The senile plaque is a complex, slow
ly evolving structure, and the time re-

CORTEX OF FRONTAL LOBE 

SUPERIOR TEMPORAL LOBE 

AM YG DAL A 

HIPPOCAMPUS 

quired to generate fully formed, "ma
ture" plaques may be years or even 
decades. In addition to the central core 
of amyloid beta-protein and the sur
rounding abnormal neurites, mature 
plaques contain two types of altered 
glial cells. (Glial cells normally associ
ate with neurons and perform many 
supportive and protective functions.) 
In the center of the mature plaques, 
one usually observes microglial cells, 
which are scavengers capable of re
sponding to inflammation or the de
struction of nervous system tissue in 
many brain disorders. Around the out
side of the plaque are so-called reactive 
astrocytes, glial cells that are often 
found in injured brain areas. 

Along with the senile plaques, brain 
tissue affected by Alzheimer's disease is 
characterized by variable numbers of 
neurofibrillary tangles: dense bundles 
of abnormal fibers in the cytoplasm of 
certain neurons. These fibers, or paired 
helical filaments, are not made of the 

PRECENTRAL AND POSTCENTRAL G YRI 

INFERIOR TEMPORAL LOBE 

amyloid beta-protein. Instead they ap
pear to be composed of a. modified 
form of a normally occurring neuron
al protein called tau. Like the amyloid 
plaques, the neurofibrillary tangles are 
not specific for Alzheimer's disease. The 
tangles occur in a dozen or more chron
ic diseases of the human brain. 

Most of us who live into our late sev
enties will develop at least a few senile 
plaques and neurofibrillary tangles, par
ticularly in the hippocampus and oth
er brain regions important for memo
ry. For the most part, the distinction 
between normal brain aging and Alz
heimer's disease is quantitative rather 
than qualitative. Usually patients with 
progressive dementia of the Alzheimer 
type have moderately or markedly more 
mature neuritic plaques and neurofi
brillary tangles than age-matched nqn
demented people do. Bucidation of the 
genesis of the plaques and tangles in 
Alzheimer's disease should therefore 
tell us a lot about the highly similar le-

1"Y"DT'r:::vOF PARIETAL LOBE 

CORTEX OF OCCIPITAL LOBE 

BRAIN OF AN ALZHEIMER PATIENT characteristically shows 
numerous plaques of amyloid beta-protein (indicated by stip-

pIing) in specific brain areas. These plaques become centers 
for the degeneration of neurons. 
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sions that underlie in part the more 
subtle changes in memory and cogni
tion affecting some otherwise healthy 
septuagenarians. 

B
ecause large numbers of amy
loid-bearing neuritic plaques in 
brain regions critical for intellec

tual function are an invariant feature of 
Alzheimer's disease, we need to under
stand the nature of the amyloid pro
tein. In 1984 George G. Glenner and 
Caine W. Wong of the University of Cal
ifornia at San Diego first isolated amy
loid from blood vessels in the menin
ges (connective tissue surrounding the 
brain) of Alzheimer patients. When they 
solubilized the isolated amyloid, they 
found it was composed of a small pro
tein, dubbed the "beta protein," that 
had a novel amino acid sequence. 

Shortly thereafter, Colin L .  Masters 
of the University of Western Australia, 
Konrad Beyreuther of the University of 
Cologne and their colleagues isolated 
the amyloid cores of senile plaques. The 
core protein had the same size and ami
no acid composition as the meningo
vascular beta-protein, and antibodies 
against one reacted with the other. 

But plaque cores isolated by Carmela 
Abraham and me at that time yielded 
beta-protein that had a "blocked" first 
amino acid and thus could not be se
quenced, in contrast to the vessel-de
rived beta-protein that had been suc
cessfully sequenced by Glenner and 
Wong. This and other findings suggest
ed to us that the mature plaque core 
contained beta-protein that was chem
ically modified as compared with that 
found in blood vessels. It appears that 
both vascular and plaque amyloid are 
composed of the beta-protein but that 
its precise chemical form in the two 
sites may differ slightly. 

After a protein is purified and se
quenced, the next step in its charac
terization is often the cloning of the 
complementary DNA molecule that em
bodies the genetic code for synthesiz
ing the protein. In the case of amy
loid beta-protein, this was accomplished 
independently by four laboratories in 
early 1987. One of these groups-Jin 
Kang, Beyreuther, Benno MUller-Hill and 
their colleagues at the University of 
Cologne-had the good fortune of iso
lating a stretch of DNA that contained 
the entire coding sequence for the pro
tein. This sequence demonstrated that 
amyloid beta-protein was just a small 
fragment, 40 or so amino acids, out 
of a 695-amino acid protein, which is 
now generally referred to as the beta
amyloid precursor protein (beta-APP). 

The presumed structure of beta-APP 
included one region (from amino acid 

PLAQUE OF AMYLOID BETA-PROTEIN in the brain of an Alzheimer patient is visi
ble as a black globular mass in this stained image. The plaque is surrounded by a 
halo of abnormal neurites (axons and dendrites) and degenerating neural cell bod
ies that appear darker than the normal neurons. 

625 to 648) that could anchor the mol
ecule to cell membranes. To everyone's 
surprise, the small amyloid beta-pro
tein fragment comprised amino acids 
597 through 636-the 28 amino acids 
just outside the membrane-spanning 
domain and the first 12 amino acids 
within the membrane. That finding pre
sented a conundrum that has still not 
been resolved: How can a segment of 
beta-APP that normally anchors it firm
ly to cell membranes appear in the 
extracellular space as amyloid? Or to 
put the question another way, how can 
the enzymes that snip amyloid beta
protein out of its large precursor gain 
access to that transmembrane region? 
The answer may have important impli
cations for blocking the amyloidosis of 
Alzheimer's disease. 

P
erhaps even more exciting than 
knowing the amino acid struc
ture of the amyloid precursor 

was the finding, made by each of the 
four laboratories that had cloned beta
APP, that the precursor was encoded by 
a gene located on chromosome 21. This 
discovery gave rise to a kind of glob
al "aha!" experience in the Alzheimer 
field. We could suddenly fathom why 
people with Down's syndrome, who are 
born with an extra copy of that chro-

mosome, routinely developed beta-amy
loid deposits at a relatively early age. 
At about the same time, a collaborative 
group led by Peter St. George-Hyslop, 
Rudolph Tanzi and James F. Gusella 
of the Massachusetts General Hospital 
found that at least one form of familial 
Alzheimer's disease (FAD) appeared to 
be caused by a genetic defect that was 
also located somewhere on chromo
some 21. 

At first it seemed that the gene for 
beta-APP might itself be the one re
sponsible for early-onset FAD. Yet as so 
often happens in science, the situation 
is more complex. Several studies of FAD 
patients in late 1987 and early 1988 
failed to reveal either defects or dupli
cations in the protein-coding region of 
the beta-APP gene; also, a long stretch 
of DNA appeared to separate the beta
APP gene from the approximate site 
of the early-onset FAD defect on chro
mosome 21. Moreover, Gerard D. Schel
lenberg and his collaborators at the 
University of Washington and Margaret 
A. Pericak-Vance and her colleagues at 
Duke University Medical School were 
unable to demonstrate linkage of Alz
heimer's disease to markers on chro
mosome 21 in several different families, 
including some with late-onset (older 
than 65 years) forms of the disease. 
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BETA-AMYLOID PRECURSOR PROTEIN (beta-APP) is a mem
brane-spanning molecule that can be processed in more than 
one way (left). Normally, enzymes cut beta-APP in the middle 
of the beta-region (center). Sometimes enzymes liberate the 

intact beta-fragment by cutting only at its ends (right). Those 
fragments can then be secreted and accumulate in tissues. 
Some forms of beta-APP contain a protease regulator, which 
may be involved in the protein's normal function. 

These and other studies have led to 
the conclusion that FAD is genetical
ly heterogeneous-it can apparently be 
caused by many different genetic de
fects on different chromosomes. 

This realization should perhaps come 
as no surprise. Alzheimer's disease is 
very common, occurs in many different 
ethnic groups and is closely similar to 
the normal process of brain aging. It is 
reasonable that the syndrome we call 
Alzheimer's disease could arise in some
what different forms from many dis
tinct genetic alterations. All these alter
ations, however, appear to act through 
a critical common mechanism involv
ing the increased deposition of amy
loid beta-protein. 

A new and potentially exciting devel
opment in the search for the genes that 
cause FAD was reported recently by Al
ison Goate, John Hardy and their col
laborators at St. Mary's Hospital in Lon
don. They found two families in which 
everyone who had Alzheimer's disease 
also had a particular DNA pattern in 
the beta-APP gene. When the investi
gators sequenced the DNA encoding 
the amyloid beta-protein region of beta
APP, they found a mutation that re
sulted in a switch of amino acid 642 
(out of 695) from a valine to an isoleu
cine. Because no mutation in the beta
APP gene had previously been found 
in either normal or FAD subjects, that 
change is probably not an irrelevant 
chance event but rather the cause of 
Alzheimer's disease in these two fam
ilies. In recent months at least six oth
er families prone to FAD that have a 
DNA mutation at position 642 have 
been found. 

Two major conclusions emerge. First, 
one speCific molecular cause of Alzhei
mer's disease has been identified. Sec-

ond, it is now clear that beta-amyloid 
deposition can arise directly from a 
mutation in beta-APP, without any oth
er preexisting cellular or molecular de
fect. An idea that some of us have long 
held-that beta-amyloid abnormalities 
can truly initiate some forms of Alzhei
mer's disease-has moved from specu
lation to reality. 

Some cases of Alzheimer's disease 
appear to occur sporadically, that is, 
without any known familial predispOSi
tion. It is difficult, however, to reach a 
firm conclusion in this regard about a 
late-onset illness, because family mem
bers bearing a faulty gene may have 
died of other causes before the symp
toms appeared. Environmental factors 
are likely to influence the onset of Alz
heimer's disease. One piece of evidence 
supporting this opinion is the observa
tion that identical twins may manifest 
Alzheimer symptoms at considerably 
different ages. Unfortunately, the search 
for environmental factors that can trig
ger the disease has been resoundingly 
unsuccessful to date, although debate 
still swirls around the unsettled role of 
aluminum as a contributing factor. One 
possible environmental trigger noted in 
a small minority of patients is a history 
of major head trauma, although how 
trauma could accelerate beta-amylOid 
deposition is unclear. 

W
hile investigations of the ge
netic defects underlying famil
ial Alzheimer's disease have 

gone forward, steady progress in char
acterizing beta-APP itself and the role 
of the beta-protein in the disease has 
also continued. On the molecular bio
logical front, several laboratories dis
covered alternative DNA sequences en
coding beta-APP-sequences that con-
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tain either one or two additional coding 
segments at position 289 of the origi
nal695-amino acid form. One of these 
two inserts encodes a stretch of ami
no acids that has the ability to bind to 
and inhibit proteases, the enzymes that 
cut proteins into smaller fragments. Be
cause of that discovery, we can guess 
for the first time about one normal 
function of beta-APP: it may be an in
hibitory molecule that regulates the ac
tivity of proteases. 

On the protein chemistry front, Mar
cia Podlisny and I at Harvard, in col
laboration with Tilman Oltersdorf and 
Lawrence C. Fritz of Athena Neurosci
ences in South San Francisco, identified 
and characterized beta-APP in brain 
and other human tissues and in cul
tured cells. In all the tissues that we ex
amined, we detected a stable fragment 
of beta-APP that contained one end 
(the carboxyl terminus) of the molecule 
as well as part or all of the critical amy
loid beta-protein region. Several labo
ratories subsequently showed that the 
other part of beta-APP, the one with the 
amino terminus, is shed into the fluid 
outside of cells, including cerebrospi
nal fluid and plasma. In 199 0 Fred Esch 
and his co-workers at Athena Neurosci
ences showed that this normally occur
ring fragmentation of beta-APP result
ed from a cleavage of the full-length 
precursor at amino acid 16 within the 
amyloid beta-protein region. 

Their finding tells us that the as yet 
unidentified protease that normally cuts 
at this site prevents the formation of 
intact amyloid beta-protein. The beta
amyloid deposition that occurs during 
aging and in Alzheimer's disease must 
therefore involve an alternative prote
olytic pathway-one that cleaves beta
APP at the beginning and end of the 
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amyloid l;!eta-protein region. Research
ers are now avidly seeking those al-

. ternative proteases, because drugs de
signed to inhibit them should decrease 
or prevent the deposition of amyloid 
beta-protein. 

I 
have placed great emphasis on un
derstanding the normal and abnor
mal processing of beta-APP. Yet 

what is the evidence that amyloid beta
protein deposition precedes the pathol
ogy of Alzheimer's disease rather than 
follows it? Since the beginning of the 
century, neuropathologists have argued 
about whether the amyloid in the core 
of the senile plaque was produced by 
the neurites in the plaque periphery 
as they degenerated or whether its ap
pearance preceded and caused neuritic 
changes. Some researchers wondered 
whether the amyloid might have come 
from healthy neurons or from glial cells 
or even from nearby blood vessels. 

In 1988 and 1989 several investiga
tors noticed that amorphous, nonfila
mentous deposits of amyloid beta-pro
tein occur in Alzheimer brain tissue 
and that such diffuse, or "pre-amyloid," 
plaques are actually much more abun
dant than the classic neuritic plaques. 
Using antibodies against amyloid beta
protein as highly sensitive probes, re
searchers have detected such diffuse 
plaques not only in the brain areas im
plicated in the symptoms of the dis
ease, such as the cerebral cortex, but 
also in other areas, such as the thala
mus and cerebellum. Significantly, most 
diffuse beta-protein deposits contain 
few or no degenerating neurites or re
active glial cells. Electron microscopic 
examinations by Haruyasu Yamaguchi 

of Gunma University in Japan have re
vealed that much of the tissue within 
the diffuse plaque is indistinguishable 
from surrounding normal brain tissue.· 

Several laboratories have now also re
ported that some patients with Down's 
syndrome who die in their teens or 
twenties seem to have many diffuse 
plaques in the absence of mature neu
ritic plaques, neurofibrillary tangles or 
other signs of cellular pathology. Be
cause virtually all such patients would 
ultimately have exhibited these full
blown lesions, one may conclude that 
diffuse amyloid beta-protein deposits 
precede Alzheimer-type neuropathol
ogy in Down's syndrome and, by im
plication, in Alzheimer's disease itself. 
It is likely that only a minority of the 
diffuse beta-protein deposits gradually 
progresses to involve the surrounding 
neurites and glia. For unknown reasons, 
this maturation seems to occur much 
more commonly in the symptom-pro
ducing cerebral cortex than in, for ex
ample, the symptom-free cerebellum. 

The observation of diffuse plaques 
suggested that amyloid beta-protein 
deposition preceded the alteration of 
neurons and other brain cells. Such 
data, as well as the occurrence of amy
loid beta-protein in the walls of men
ingeal blood vessels outside brain tis
sue, led my Harvard Medical School 
colleagues Catharine L. Joachim and 
Hiroshi Mori and me to search for amy
loid beta-protein deposition in organs 
other than the brain. In early 1989 
we found small deposits in and around 
selected blood vessels of the skin, in
testine and certain other tissues from 
some Alzheimer patients and aged con
trol subjects; these deposits reacted 

specifically with antibodies against amy
loid beta-protein. 

The detection of those deposits pro
vided the first evidence that the pro
cess underlying beta-amyloid depOSi
tion in Alzheimer's disease may not be 
restricted to the brain. The predilection 
of these extracerebral deposits to oc
cur near blood vessels also strengthens 
the parallels between Alzheimer's dis
ease and certain systemic amyloidoses 
that we know have a circulatory origin. 
Most important, the deposition of small 
amounts of amyloid beta-protein in pe
ripheral blood vessels in the absence of 
any preceding neuronal injury-indeed 
in the absence of local neurons and glial 
cells-supports the hypothesis that the 
release and accumulation of amyloid 
beta-protein precede rather than follow 
neuronal degeneration in the brain. 

S ome of the clearest evidence that 
amyloid beta-protein deposition 
can be the primary event initiating 

an illness has emerged from studies of 
a rare genetic disorder found in two vil
lages in the Netherlands. Patients in the 
affected families die in midlife from ce
rebral hemorrhages caused by severe am
yloid deposition in innumerable blood 
vessels, hence the name "hereditary ce
rebral hemorrhage with amyloidosis of 
the Dutch type" (HCHWA-Dutch). BIas 
Frangione and his collaborators at New 
York University Medical Center and the 
University of Leiden found that the de
posited protein in this disease was in 
fact amyloid beta-protein. 

Then, in 199 0, Efrat Levy and Frangi
one of New York University, Mark Car
man of Athena Neurosciences, Sjoerd 
van Duinen of the University of Leiden 
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YELLOW DEPOSITS IN STAINED BLOOD VESSELS contain amyloid beta-protein. The 
discovery of this protein in the vascular system suggests that the amyloid protein 
accumulating in the brain may originate in the bloodstream. 

and their co-workers discovered a DNA 
mutation in the beta-APP gene that 
caused the substitution of the amino 
acid glutamine for a glutamic acid at 
position 22 within the amyloid beta
protein. Exactly why this unique muta
tion leads to such severe cerebrovascu
lar deposition is not clear. Nevertheless, 
genetic analyses of affected and unaf
fected siblings by Christine Van Broeck
hoven of the University of Antwerp and 
her collaborators confirm that the mu
tation is the disease-causing defect. 

The Dutch patients also seem to show 
numerous beta-protein deposits in the 
cerebral cortex that closely resemble 
the pre-amyloid plaques of Alzheimer's 
disease and Down's syndrome. For un
known reasons, those deposits do not 
seem to affect the surrounding neurites 
and glia: no neurofibrillary tangles or 
other neuronal alterations appear, and 
the patients do not suffer Alzheimer
type dementia. The characterization of 
HCHW A-Dutch nonetheless demonstrat
ed for the first time that a mutation 
in beta-APP can cause diffuse amyloid 
beta-protein plaques and cerebrovascu
lar beta-amyloidosis. The work provides 
a compelling example of a prinCiple 
of medical research: the study of a rare 
disease in a small patient group can pro
vide critical insights into common path
ological processes that affect the entire 
population. 

Even if one assumes that these vari
ous observations support the early de
position of amyloid beta-protein in Alz
heimer's disease, what real evidence is 
there that the beta-protein is biological-

ly active? Researchers must determine 
whether amyloid beta-protein is itself in
jurious to neurons or whether it serves 
as a matrix to which other more active 
molecules bind. At the moment, only 
fragmentary information about the bio
logical effects of amyloid beta-protein 
is available. In 1988 Janet S. Whitson 
and Carl W. Cotman of the University 
of California at Irvine, in collaboration 
with me, noticed that the first 28 ami
no acids of the amyloid beta-protein 
had trophic (survival-promoting) effects 
on cultures of rat hippocampal neu
rons. Subsequently, Cotman and his 
colleagues demonstrated that the entire 
beta-protein molecule had both neu
rite-promoting effects and indirect neu
rotoxic effects. 

More recently, Bruce A .  Yankner and 
his colleagues at the Children's Hospi
tal in Boston have reported that, under 
the right conditions, low doses of the 
full-length amyloid beta-protein can en
hance the survival of freshly cultured 
rat neurons. When those investigators 
raised the dose modestly and allowed 
the cultures to age for four days, howev
er, they observed toxic effects on some 
of the neurons. They localized these bi
ological effects to one segment of the 
amyloid beta-protein (amino acids 25 
through 35). The amino acid sequence 
of this molecular region is very similar 
to that of a naturally occurring brain 
peptide called substance P. If the neu
rotoxic effects observed in Yankner's 
study are confirmed, the argument that 
amyloid beta-protein is directly respon
sible for the neuronal pathology found 
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in neuritic plaques will be substantial
ly strengthened. 

X
ajor obstacle to deciphering how 

the beta-protein is released from 
its large precursor and causes 

neurons and glial cells to change is the 
lack of a close, convenient animal mod
el for Alzheimer's disease. Inexpensive 
laboratory rodents do not spontane
ously develop cerebral amyloid deposits 
with age, although expensive primates 
do. In 198 7 my colleagues and I, in col
laboration with IJnda Cork and Donald 
Price of the Johns Hopkins School of 
Medicine, showed that antibodies made 
against purified human beta-protein re
acted strongly with the amyloid found 
in the senile plaques and blood vessels 
of old monkeys, dogs and several other 
mammals. Additional studies in Price's 
laboratory and ours have yielded evi
dence that monkeys undergo an age-re
lated beta-amyloidosis strikingly simi
lar to that of humans. When drugs that 
block either the formation or the activi
ty of the beta-protein are developed, it 
will be important to test their efficacy 
and safety in primates. 

A more practical animal model is now 
being developed by injecting fragments 
of human DNA into fertilized mouse 
ova. Several laboratories have recently 
reported the production and breeding 
of these transgenic mice, which incorpo
rate part of the human beta-APP gene 
into their genomes. In one example, 
transgenic mice developed by Barbara 
Cordell and her colleagues at California 
Biotechnology exhibit deposits of beta
protein that show some of the features 
of diffuse plaques. Whether such depos
its will lead to alterations of the sur
rounding neurons and glial cells that are 
analogous to those of Alzheimer's dis
ease remains to be seen. Various strains 
of transgenic mice expressing the mu
tant beta-APP molecules will be partic
ularly important for studying the forma
tion of beta-protein deposits and their 
inhibition by drugs. 

H
oW can we integrate the rapidly 
emerging knowledge about the 
nature and effects of amyloid 

beta-protein and its precursor into a 
dynamic model of how at least some 
forms of Alzheimer's disease work? I 
speculate that a group of distinct but 
related defects on chromosome 21, in
cluding DNA mutations, deletions and 
perhaps rearrangements, can result in 
either structurally abnormal beta-APP 
proteins or deregulation of the tran
scription of the beta-APP gene. 

In families with the latter type of de
fect, the DNA that is altered presumably 
controls how much or what form of 
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messenger RNA is transcribed from the 
beta-APP gene. (Messenger RNAs are the 
crucial intermediary molecules in the 
translation of proteins from genes.) 
The control of gene transcription is a 
highly complex process, and the regu
latory elements within the large beta
APP gene are not yet well understood. 
For example, a DNA alteration on chro
mosome 21 that causes some forms of 
FAD might interact adversely with the 
DNA in the regulatory regions of the 
beta-APP gene; alternatively, a muta
tion might occur directly within one of 
the regulatory regions. In the model I 
propose, the ultimate result of those 
DNA defects that occur outside the pro
tein coding region of the beta-APP gene 
is to enhance-sometimes SUbtly, some
times robustly-the amount or type of 
beta-APP proteins synthesized in at 
least some cell types. The result might 
be an overproduction of beta-APP some
what reminiscent of that in Down's syn
drome, which occurs because of an ex
tra copy of the beta-APP gene. 

The identity of the cell types produc
ing the beta-APP molecules that release 
the amyloid beta-protein is unknown. In 
my view, circulating blood cells (such as 
platelets) and endothelial cells lining the 
blood vessel wall are among the most 
likely candidates, although neurons and 
glial cells are also reasonable possibili
ties. If these cells synthesized either ex
cess or altered forms of beta-APP, some 
of those molecules might be broken 
down by an alternative enzymatic path
way, thereby liberating large fragments 
that contain the amyloid beta-protein. 

Over time, I suspect, these fragments 
are further cleaved by proteases to re
lease the intact amyloid beta-protein, 
which then accumulates in the extracel
lular spaces of the brain in the form 
of diffuse plaques. Because of local tis
sue factors in the cerebral cortex and 
other brain regions important for cog
nitive function, a minority of these dif
fuse plaques becomes increasingly fila
mentous and compact. The addition of 
so-called beta-amyloid-associated pro
teins-some of which have already been 
identified-and the activation of nearby 
microglia and astrocytes probably con
tribute to the maturation of the plaques. 

At some point in this dynamic pro
cess, amyloid beta-protein or other mol
ecules attracted to it begin to have both 
trophic and toxic effects on the sur
rounding axons and dendrites, resulting 
in a further evolution of some plaques 
to a neuritic form. In all probability, 
many other biochemical and structural 
changes accompany this phase, includ
ing a loss of synapses and a resultant 
decline in the cortical levels of acetyl
choline and some other neurotransmit-

ters. Some of the affected neurons would 
produce the masses of paired helical fila
ments that constitute the neurofibrillary 
tangles. As this complex and progressive 
cascade of molecular changes proceeds 
in areas such as the hippocampus and 
cerebral cortex, the patient slowly ac
quires symptoms of intellectual failure. 

T
he mechanism of the disease I 
have outlined here is both specu
lative and Simplified. Several ob

servations cannot yet be placed into 
this scheme. The greatest challenge to 
students of Alzheimer's disease-and 
the greatest source of ongoing contro
versy-is the attempt to arrange the 
observed biochemical changes in a tem
poral sequence of pathogenesis. In pro
posing this model of Alzheimer's dis
ease, particularly of the familial type, I 
have emphasized alterations in the reg
ulation of the synthesis of beta-APP. 
The chromosome 21-linked form of 
FAD is strikingly similar to Down's syn
drome, in which the elevated synthesis 
of beta-APP is a fact, not speculation. 

Nevertheless, defects in the metabo
lism and degradation of beta-APP could 
also underlie some cases of Alzheimer's 
disease. For example, genetic defects 
could alter the enzymes that are nor
mally responsible for attaching carbo
hydrate or phosphate molecules to beta
APP, or they could alter the proteases 
that normally break down beta-APP. In 
such cases, the gene making the defec
tive enzyme could be located on any of 
the chromosomes, not just on chromo
some 21. To date, no other chromosome 
has been clearly implicated as the site 
of a gene defect causing FAD, but Allen 
D. Roses and his colleagues at Duke Uni
versity Medical Center have raised the 
possibility that in some families a gene 
on chromosome 19 may be involved. 

In addition to searching for genetic 
alterations that may underlie different 
cases of FAD, it is important to pursue 
epidemiologic surveys that might uncov
er environmental factors that predispose 
individuals to Alzheimer's disease or that 
accelerate its course. At present, there is 
no compelling evidence that factors such 
as nutrition, educational level, occupa
tion or emotional state influence the oc
currence or progression of the disease. 

The goal of all Alzheimer's disease 
research is the development of an effec
tive therapy. In 19 76 three laboratories 
in Great Britain published evidence that 
neurons synthesizing the neurotrans
mitter acetylcholine were severely com
promised in the cerebral cortex of Alz
heimer patients. PhYSicians subsquent
ly attempted to increase the amount of 
acetylcholine by administering acetyl
choline-enhancing drugs, largely to no 
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avail. Today we know that Alzheimer's 
disease affects many different types of 
neurons and neurotransmitters, which 
is why the illness is difficult to treat by 
simply replacing the neurotransmitters. 

The model for Alzheimer's disease 
that I have deSCribed points to new ther
apeutic strategies aimed at one or more 
crucial steps in its molecular progres
sion. First, one might block the delivery 
to the cerebrum and its vasculature of 
those beta-APP molecules that are re
sponsible for the amyloid deposits. That 
approach would be most feasible if, as I 
suspect, those proteins arrive by way of 
the bloodstream. Second, one could in
hibit the proteases that liberate amyloid 
beta-protein by cleaving beta-APP. Third, 
one could retard the apparent matura
tion of amyloid beta-protein deposits 
into neuritic plaques, perhaps by inter
fering with the formation of the amyloid 
filaments that seems to accompany this 
change. Fourth, one could interfere with 
the activities of the microglia, astrocytes 
and other cells that contribute to the 
chronic inflammation around the neurit
ic plaques. And fifth, one might block 
the molecules on the surface of neurons 
that mediate the trophic and toxic effects 
of amyloid beta-protein and the pro
teins associated with it in the plaques. 

None of these pharmacological tar
gets will be easy to reach, but the num
ber of investigators focusing on beta
amyloidosis and the current pace of dis
covery make it likely that inhibitors of 
one or more crucial steps in the devel
opment of the disease will emerge in the 
next few years. In view of the tragedy 
that Alzheimer's disease represents for 
its victims and for society, this feat 
cannot come a moment too soon. 
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SCIENCE IN PICTURES 

Chromoskedasic Painting 
It is a novel method for producing color images on black-and-white 

photographic paper without using pigments or dyes 

by Dominic Man-Kit Lam and Bryant W. Rossiter 

P assion-the chromoskedasic painting reproduced on 
these two pages-dazzles the eye with oranges, yel
lows, greens and blues. The hues are surprising be· 

cause they were created by applying colorless chemicals to 
black-and-white photographic papers. Almost all paintings 
and color photographs consist of pigments that reflect cer
tain parts of the visible spectrum of light and absorb others. 
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But the original chromoskedasic painting contains no such 
pigments, only white paper and particles of silver. 

These tiny particles produce colors not by reflecting or 
absorbing radiation but by scattering light. Particles of dif
ferent sizes scatter different wavelengths of light, yielding 
various colors. The term "chromoskedasic" is derived from 
Greek roots meaning color by light scattering. 
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PASSION, 1984 

The basic methods of chromoskedasic painting were dis
covered serendipitously one autumn evening in 1980. I (Lam) 
was developing black-and-white photographs of a retina, as 
part of a research project at Baylor College of Medicine. I no
ticed that some photographs were covered with patches of 
brown and yellow. Other photographers have undoubted
ly observed this same effect. The colors usually appear be
cause the photographic solutions were mixed improperly, 
because the solutions had deteriorated or because the pho
tographic paper was defective. I wondered how colors could 
emerge from the use of black-and-white photographic paper 
and solutions, materials that do not contain dyes or pig
ments. Having seriously pursued painting for 20 years, I 
hoped to control the production of these colors and thus ex
ploit the unusual characteristics of the new medium [see 
"Painting in Color without Pigments," THE AMATEUR SCIEN

TIST, page 136]. 

Without understanding in depth the mechanisms that gen
erated the different colors, I systematically searched for the 
light and temporal conditions needed to produce different 

colors predictably on photographic paper. I also experiment
ed with the concentrations of such solutions as activators, 
developers, stabilizers and fixers. By 1983 I had established 
a procedure for creating the primary colors-red, blue and 
yellow-and I could combine the three colors to create vari
ous shades. During the past eight years, I have refined the 
techniques by trying different kinds of papers and solu-

DOMINIC MAN-KIT LAM and BRYANT W. ROSSITER have inves
tigated the techniques of chromoskedasic painting for the past 
three years. Lam is director of the Center for Biotechnology and 
professor of biotechnology, cell biology and ophthalmology at 
Baylor College of Medicine. His foremost interests are visual art, 
visual science and the development of a global network for bio
technology. Lam is a member of the President's Committee on 
the Arts and the Humanities. Rossiter is former director of the 
chemistry division and director of science and technology devel
opment at the Eastman Kodak Research Laboratories. He is also 
editor of the treatise Physical Methods of Chemistry. 
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SUNSET, 1985 

ODE TO LINES AND CURVATIJRES, 1984 

SNOW MOUNTAIN, 1989 
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tions, and I have attained better control of colors, tones and 
composition. �thOUgh my empirical approach led to a technique for 

producing color from black-and-white photograph
ic materials, I had not given much thought to the 

physical and chemical mechanisms underlying such a pro
cess. In the summer of 1989 my co-author (Rossiter) came 
to visit me in Houston and took an interest in my paint
ings. He noticed the brilliant red and yellow hues, the oc
casional metallic sheen, the three-dimensional character of 
some objects and the unusual light stability. (Some paint
ings had been exposed to direct ambient sunlight for more 
than seven years and had not faded.) From these observa
tions and others, he deduced that the colors in my paint
ings were a consequence of light scattering from tiny silver 

YELLOW MOUNTAIN, 1989 

particles in the photographic paper. He coined the term 
"chromoskedasic." 

The colors of most paintings rely on a process known as 
subtractive color. Blue pigments, for instance, reflect blue 

'light while absorbing most other wavelengths. The colors in 
conventional photographs are also the result of a subtractive 
process. But instead of pigments, photographs require color
sensitive emulsions and developing agents that produce or 
release dyes [see "The First Color Photographs," by Grant B. 
Romer and Jeannette Delamoir; SCIENTIFIC AMERICAN, De
cember 1989]. 

Most black-and-white photographic papers contain silver 
salts. Under the influence of light and chemicals, the salts 
decompose to form silver particles. Ordinarily, these parti
cles merely absorb light, yielding tones of black. Those salts 
that are not exposed to light do not yield silver particles and 
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Loms POND, 1989 
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are washed away, allowing the white paper to show through. 
Chromoskedasic paintings are made using methods very 
similar to those employed in black-and-white photography. 
But chromoskedasic techniques require that the particle 
growth be carefully controlled through exposure to light and 
chemicals. 

In chromoskedasic painting, the silver particles produce 
colors through a process known as Mie scattering. In 1908 

Gustav Mie first described this scattering process in mathe
matical terms. He studied how light scatters through a medi
um consisting of spheres of similar size and electrical char
acteristics. He found that the wavelength of light scattered 
by such a medium depends on the size of the spheres [see 
top illustration on opposite pagel. 

Mie's theory helped to explain why the sky is blue or why 
the sun appears red at dawn or sunset. The sky is blue, in 
part, because dust, water vapor and other particulate matter 
in the atmosphere are of such a size as to scatter light selec
tively from the blue region of the spectrum. Similarly, atmo
spheric particles of different sizes produce some of the bril
liant colors of the rising or setting sun. (To be sure, many 
kinds of scattering, absorption and refraction processes con
tribute to the color of the sky.) 

P article formation in a complex, modern photograph
ic emulsion is very different from the ideal condi
tions that Mie assumed. Chromoskedasic paintings 

consist of silver particles that vary greatly in shape and size. 
Nevertheless, the Mie equations predict the correlation be
tween particle size and the colors created in chromoskedasic 
paintings. 

Using electron microscopy, Donald L. Black of the Photo
science Research Division at Eastman Kodak in Rochester, 
N.Y. ,  confirmed that regions of a particular color in a chro
moskedasic painting contain silver particles that are relative
ly uniform in size. In agreement with theory, silver particles 
that produced yellow light were from 10 to 30 nanometers 
in diameter, whereas particles that scattered red light were 
35 to 65 nanometers wide. Scientists still do not understand 
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CHROMOSKEDASIC PAINTINGS differ from black-and-white 
photographs in that the silver particles in the paintings are 
similar in diameter within a given region. A photograph 
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in detail how the size and shape of the particles influence 
the scattering of light and hence the colors of chromoskeda
sic paintings. 

Many of the artistic possibilities of chromoskedasic paint
ing have yet to be explored. Artistic expression is intimately 
related to materials and media. Watercolors are usually soft
er than oil paints, black-and-white photographs often bring 

VISION, 1986 (enamel on chromoskedasic painting) 
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(shown in cross section at top) is black in areas where parti
cles absorb light. In a chromoskedasic painting (bottom), par
ticles of a certain size scatter a particular color of light. 

out textures better than do color photographs, and marble 
sculpture is often more ponderous than steel. Chromoske
dasic techniques bring out rich metallic colors that mingle, 
mix and wash over one another. The methods preserve the 
artist's expression for decades because the colors endure as 
silver particles firmly embedded in paper. 

The techniques give artists many different ways to pro-
duce color images. They can manipu
late a variety of darkroom conditions, 
such as light intensity, chemical con
centrations and reaction time. They can 
precisely control the conditions to cre
ate representational paintings. Or they 
can allow nature to play with light and 
chemistry to generate abstract images. 
Chromoskedasic methods can also be 
easily integrated with conventional pho
tographic techniques or with media such 
as acrylic, oil, watercolor and enamel 
paints. We hope chromoskedasic tech
niques will continue to inspire both art
ists and scientists. 

FURTHER READING 

THE THEORY OF THE PHOTOGRAPIDC 

PROCESS. Edited by T. H. James. East
man Kodak Company, 1977. 

INTRODUCTION TO PHOTOGRAPIDC THE-

ORY: THE SILVER HALIDE PROCESS. B. H. 
Carroll and T. H. James. Wiley, 1980. 

PHOTOGRAPIDC MATERIALS AND PRO

CESSES. Leslie Stroebel and Richard 
Zakia. Focal Press, 1987. 

IMAGERY AND ILLUSION: THE PAINTINGS 

OF DOMINIC MAN-KIT LAM. Twinwood 
Press, 1990. 
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Microlasers 
Millions of lasers measuring just a few millionths of a meter 
can now be etched on a single chip, offering a host of novel 

applications in optical communications and information processing 
by jack L. jewell, james P. Harbison and Axel Scherer 

I nvestigators have long dreamed of 
building an optical computer. Elec
tronic switches and circuits would 

be replaced by a network of light 
through which individual impulses car
ry and process information. The idea is 
not only aesthetically appealing but also 
offers the promise of a machine that 
would be even faster and more versatile 
than the most powerful computer in 
use today. 

The realization of the dream, howev
er, has been thwarted by the lack of 
sufficiently tiny optical-signal process
ing devices. Like its electronic counter
part, the transistor, the basic building 
block of any optical processing or com
munications system must operate at 
low power and at high speed, and to do 
so it must be small. In the microelec
tronics industry, transistors having di
mensions smaller than a micron (a mil
lionth of a meter) are now routinely fab
ricated in numbers approaching tens of 
millions on a single semiconductor chip. 
Compared with this astonishing feat, 
the miniaturization of optical devices 
has lagged considerably. 

The current state of affairs in com
mercially available optical technology 
is embodied by a device called the semi
conductor diode laser, which is found 
in everything from compact-disc play-

JACK L. JEWELL , JAMES P. HARBISON 
and AXEL SCHERER share an interest in 
optoelectronics. Jewell received a Ph. D. 
in optical sciences from the University 
of Arizona in 1984. Before co-founding 
Photonics Research, Inc. , he was at AT&T 
Bell Laboratories. Harbison holds A.B., 
S. M. and Ph.D. degrees from Harvard Uni
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ate in 1977, he moved to Bell Laborato
ries, joining Bellcore at its inception in 
1984. Scherer is a member of the techni
cal staff at Bellcore. He earned a Ph. D. 
from the New Mexico Institute of Mining 
and Technology in 1985. 

ers to fiber-optic communications sys
tems. Although the diode laser has rev
olutionized the storage and communi
cation of information, the size of the 
device and its degree of integration are 
roughly comparable to that of the indi
vidually packaged transistors found in 
a late 1950s radio. A typical diode laser 
measures a few microns wide by sev
eral hundred microns long-making it 
several hundred times bigger than one 
of its microelectronic counterparts. Al
though such a device is orders of mag
nitude smaller than the familiar red he
lium-neon laser commonly used in su
permarket bar-code scarmers, it is sim
ply too big to be useful in an optical 
computer. 

Very recently, significant advances 
have been made in the miniaturiza
tion of diode lasers. In May 1989, in 
work that evolved from efforts to con
struct two-dimensional arrays of op
tical switches in hopes of eventually 
building optical computers, we fabri
cated more than one million micro
lasers, or micron-size lasers, on a sin
gle semiconductor chip about seven 
millimeters wide by eight millimeters 
long [see illustration on opposite page). 
The microlasers were proposed by one 
of us (Jewell ) and Sam McCall of AT&T 
Bell Laboratories. They were created at 
Bell Communications Research (Bell
core) by the other two of us and Leigh 
Florez. The devices range in size from 
one to five microns. 

Such a scale is already two orders 
of magnitude smaller than that of con
ventional diode lasers. With additional 
work, the size can probably be brought 
down by another order of magnitude. 
Perhaps most exciting, as the micro
laser approaches its practical lower 
limit in size (probably between one 
half and one quarter of a micron), it is 
believed that the quantum mechanical 
process of light emission can be rad
ically altered in a way that will further 
enhance the performance of the device. 
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Microlasers are so new that at this 
time no one can predict whether they 
will make a significant impact on the 
commercial market. Moreover, the de
velopment of an optical computer is far 
from an easy task [see "The Optical 
Computer," by Eitan Abraham, Colin T. 
Seaton and S. Desmond Smith; SCIEN
TIFIC AMERICAN, February 1983). Nev
ertheless, microlasers have generated 
enormous excitement for their poten
tial applications in optical computers 
as well as in optical communications 
and information processing in general. 

The principles of operation under
lying a diode laser are the same 
as those for any laser [see top of 

illustration on page 88). Atoms in a part 
of the laser called the amplifying medi
um-typically a solid, liquid or gas-are 
pumped, or energized, either electrical
ly or with a source of electromagnet
ic radiation. When a light wave of a 
speCific wavelength traveling through 
the amplifying medium encounters a 
pumped atom, it can induce the atom 
to release its energy in the form of 
a light wave at the same wavelength. 
The process is coherent, which is to say 
that the crests and troughs of the waves 
match up, and the intensity of the light 
increases. Mirrors on each end of the 
amplifying medium form a cavity, and 
they force the light to bounce back and 
forth many times through the medium, 
maximizing the increase in intensity. 

FIRST ARRAY OF MICROLASERS was 
completed in May 1989 by the authors. 
A tiny portion of the array, which con
tained more than one million micro
lasers, is shown in this scanning elec
tron micrograph. The largest devices 
have a diameter of about five microns 
(millionths of a meter); the smallest are 
about a micron. Laser beams, which 
emerge from the circular-shaped ends, 
were generated in all the devices except 
the very smallest. 
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The reflectivity of one or both of the 
mirrors is less than unity, with the re
sult that some of the intensified light 
is able to escape from the cavity in the 
form of a laser beam. 

In a diode laser the amplifying medi
um is a long, brick-shaped diode, a de-

HELIUM-NEON LASER 

CONVENTIONAL DIODE LASER 

vice that permits electric current to flow 
freely in one direction but blocks the 
flow of current in the other. The diode 
is made from a semiconducting materi
al such as gallium arsenide. The ampli
fying medium of a conventional diode 
laser is about as long as the laser itself 

MICROLASER 

• MIRROR 

• LIGHT OUTPUT 

• AMPLIFYING MEDIUM 

• WAFER SUBSTRATE 

PRINCIPLES OF OPERATION are the same for a conventional helium-neon laser 
found in a supenuarket bar-code scanner (top), a conventional semiconductor diode 
laser in a compact-disc player (middle) and one of the newly developed microlasers 
(bottom). Atoms in an amplifying medium (pink) are pumped, or energized, by elec
tromagnetic radiation or current. When a light wave traveling through the medium 
encounters a pumped atom, it can induce the atom to release its energy in the form 
of a light wave at the same wavelength. The intensity of the light increases as it 
bounces back and forth between two mirrors (blue) positioned on each end of the 
medium. The reflectivity of one of the mirrors is less than unity, which allows some 
of the intensified light to escape in the fonu of a laser beam (red). The lasers are not 
drawn to scale: a helium-neon laser is about 100 to 1,000 times longer than a con
ventional diode laser, which in turn is about 100 times longer than a microlaser. 

88 SCIENTIFIC AMERICAN November 1991 

[see middle of illustration on this pagel. 
Mirrors are formed on each end of the 
"brick" by simply cleaving the wafer: 
each interface between the semicon
ductor and air has a 30 percent reflec
tivity, which is more than sufficient for 
operation. When an electric current is 
made to flow parallel to the mirrors, 
the diode fills with electrons and holes 
(parts of the semiconductor lacking 
electrons). A short time later the elec
trons and holes recombine, and when 
they do, they emit light. The light is in
tensified by multiple reflections through 
the semiconductor, and a portion of it 
emerges from one of the mirrors in the 
form of a laser beam parallel to the un
derlying wafer substrate; that is, the 
beam comes out of the edge. 

O ne characteristic that makes 
a microlaser so very different 
from a conventional diode laser 

is that the laser beam emerges perpen
dicular, instead of parallel, to the wafer 
substrate [see bottom of illustration at 
leftl. Instead of the brick-shaped ap
pearance of a conventional diode laser, 
a microlaser looks like a tiny Coke can; 
the laser beam shoots out of the top 
(or out of the bottom through the trans
parent wafer on which it has been 
grown). The difference in geometric con
struction means that more lasers per 
area can be packed on a wafer. Kenichi 
Iga and his colleagues at the Tokyo In
stitute of Technology first demonstrat
ed the feasibility of such a surface
emitting (instead of edge-emitting) ap
proach in the late 1970s. 

Our own work in microlasers dates to 
about the time of Iga's breakthrough. 
Investigators at Bell Labs built surface
emitting lasers by sandwiching films of 
gallium arsenide that measured from 
one eighth of a micron to a few mi
crons thick between mirrors and gluing 
the entire stack together. To sensible 
people, the notion of turning such a 
procedure into a practical technology 
was silly; fabrication bordered on black 
magic, and the devices were of poor 
quality. (Of course, the first transistors 
also had these "attributes.") 

Steady improvements turned the 
tide. A microlaser, including mirrors, is 
now typically about six microns long, 
compared with the 250-micron length 
of a conventional diode laser. But what 
actually makes a microlaser "micro" is 
that its Coke-can geometry serves as a 
waveguide: an optical "hose" that pre
vents light from spreading outward as it 
propagates. (An optical fiber is a well
known example of a waveguide.) The 
typical diameter of a microlaser, as we 
mentioned earlier, is a few microns. 

Even though microlasers are still in 
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their infancy, their small size makes 
their power requirements comparable to 
those of the more mature conventional 
diode lasers. An important yardstick 
used to characterize the power require
ments of any diode laser is the thresh
old current, the flow of electric current 
needed to make the diode just barely 
lase. The lowest threshold of a micro
laser is 0.7 milliampere, compared with 
the 0.5-milliampere threshold of a con
ventional diode laser. With additional 
work, it is hoped that the threshold of a 
microlaser, because of its exceptionally 
small size, can be lowered to a few mil
lionths of an ampere. At present, mi-

crolasers also fall somewhat short of 
conventional diode lasers in their bit 
rates-the number of zeros and ones 
that can be generated per second. At a 
bit rate of five billion per second, mi
crolasers are not quite as fast as the 
best diode lasers, but rates approach
ing 100 billion per second are expected 
to be achieved eventually. 

of semiconducting materials added one 
at a time. Individual lasers numbering 
in the thousands or millions call then be 
stamped out simultaneously by means 
of deep vertical etching, in conjunction 
with conventional photolithographic 
patterning. 

Conceptually, molecular-beam epitaxy 
is quite straightforward. A semiconduc
tor crystal is placed in a vacuum. Con
tainers are filled with each of the chem
ical elements, such as indium, gallium, 
aluminum and arsenic, that will be used 
to build the desired semiconductor lay
ers on top of the substrate. When an in
dividual container is heated to the prop-

H oW are such exquisitely small, 
high-performance lasers made? 
Two crucial techniques make it 

possible. The first technique, molecular
beam epitaxy, allows the basic material 
of each laser to be built up from layers 

Fabricating and Testing the First Microlaser 

Author Jack Jewell tells how it felt to do the ground
breaking work. A:ter months of strategizing and designing-and 

mostly anticipating-Axel Scherer picked up the 
laser wafer from Leigh Florez, who-working 

with Jim Harbison-had grown the structure by 
molecular-beam epitaxy. The wafer was two inches in 
diameter but only one fiftieth of an inch thick. We 
practically tiptoed with it back to Axel's lab. In spite of 
our care, however, within five minutes we managed to 
shatter the fragile disk into many odd-size pieces. Axel 
and I looked at each other and could think of nothing 
else to do but laugh. After all, we had planned to 
carefully cleave the wafer into smaller pieces anyway; 
our bad luck saved us time. 

We picked up the larger pieces and started 
processing them. By midnight, we were ready to etch 
individual microlasers on the 
fragments. Then misfortune inter-

who knew what we were trying to do thought we were 
more than a little daft. My wife (who was not one of 
those people) called to ask me if the lasers worked. 
I growled that we hadn't had time to test them yet 
and that they wouldn't work anyway, so don't bother me! 

To test the lasers, we needed to touch the tops with a 
needlelike electrical probe. Trying to .apply electric 
current through devices on my optical bench was a novel 
experience, because my entire career has been devoted 
to optics. Applying current to devices five microns tall 
and between one and five microns in diameter was 
definitely not for beginners. Axel and I took refuge in the 
fact that we were trying so many new things at once that 
no matter what happened we were sure to learn 
something. On touching the probe tip to one of the 
largest devices, we saw that current flowed in one 
direction, but not the other. Good! At least the device 
acted like a diode. We decided to set up a television 

camera to see if the desired 
infrared light was emitted. It  was! 

vened in our favor once again. 
Axel told me that an important 
part of the etching apparatus, 
called a neutralizer, was not 
working and could not be fixed. 
Because the neutralizer sounds 
like some kind of gadget out of 
"Star Trek," we decided to pretend 
that it was not important and go 

"Our efforts would 
quickly degenerate 

The light was very dim up to 
about one or two milliamps of 
current and then increased 
dramatic ally, an encouraging 
sign. We also saw interference 
patterns, which are a characteristic 
of laser light. 

into turning the translator 
knob and watching the 
blinking lights." 

on without it. By 2 A.M., Axel had etched several of our 
lasers, and we took the scanning electron micrograph 
shown on page 87. In the past, ugly devices that had 
looked like micro-trash cans had often worked quite 
well, whereas nice-looking devices had not worked at 
all. We agreed that the ones we had just made didn't 
stand a chance. The final step in the fabrication was to 
apply electrical contact points to the tops of the 
devices. For that, we would have to wait for the next 
day, since we knew of only one person who could do 
the job, Ray Martin (another Bellcore worker). 

After a brief, fitful sleep, we asked Ray to spot-weld 
the contacts in place. At this point, anxiety really be
gan to set in. We were rapidly approaching the transition 
from hopeful fabrication to the final test, which would 
surely spell  failure and send us into months 
of troubleshooting. It  didn't help that almost everyone 
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Something must be terribly 
wrong. The gadgets were be

having exactly like lasers. This could not be possible. 
We tried another device, then another and another. 
They all acted more or less the same, all over the chip. 
This could not be possible. It was too easy. Things 
don't work like that. Yet there we were. 

For the next few weeks, it was hard to do any serious 
work. We found that with the aid of a device called a 
translator we could run the microlasers under the 
electrical probe at a rate of about a dozen a second. 
With the turn of a single knob, the lasers would blink 
on and off like a string of light bulbs. Over and over 
again, we went back and forth on the same devices, 
but they showed no signs of wearing out. Every time 
we decided to make some quantitative measurements, 
our efforts would quickly degenerate into turning the 
translator knob and watching the blinking lights, still in 
disbelief. 
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SUCCESSIVE MAGNIFICATIONS of a microlaser reveal the 
large number of semiconducting layers-typically 500 or 
more-from which it is fabricated. In the most highly mag· 
nified drawing (right), individual atoms are visible: arsenic 

(gray), aluminum (yellow) and gallium (red). Layers made 
from them appear in the other three drawings: aluminum ar
senide (yellow) and gallium arsenide (red), plus the alloy 
mixtures of aluminum gallium arsenide (orange) and indium 

er temperature, the element within it 
begins to evaporate, streaming out the 
open end of the container and into the 
vacuum in much the way that steam es
capes out the hole of a heated teapot. 
The result is a wide beam of molecules 
that sprays in the direction of the wa
fer. When desired, each beam of mol
ecules can be blocked by a mechani
cal shutter. 

The formation of multiple layers of 
different semiconductor materials is 
then accomplished by simply determin
ing which chemical elements should be 
in which layer and opening the appro
priate shutters. For example, layers of 
aluminum arsenide are formed by open
ing the aluminum and arsenic shutters 
simultaneously while keeping all the 
other shutters closed; similarly, layers 
of gallium arsenide are formed by open
ing the gallium and arsenic shutters. 
The thickness of each layer is deter
mined by how long the shutters are held 
open. Molecular-beam epitaxy is such a 
refined technique that it is possible to 
grow an individual layer having the 
thickness of a single atom. 

A typical microlaser may consist of 
more than 500 individual layers. To 
minimize the power required by the 
laser, one makes the amplifying medi
um quite thin, about a hundredth of a 

·micron. The fact that it is so thin 
means that for the laser to work , light 
must bounce back and forth many 
more times than it must for a conven
tional diode laser. As a consequence, 
the mirrors must have a much higher 
reflectivity than the 30 percent reflectiv
ity of the conventional diode laser. In 
fact, the reflectivity must be 99 percent 
or more. 

S uch a high reflectivity is attained 
by depositing in alternate layers 
two semiconductors, such as gal-

lium arsenide and aluminum arsenide, 
that have different indices of refrac
tion-that is, light travels at different 
speeds through them. The difference in 
the indices gives rise to a partial reflec
tion at each interface, just as the differ
ence in the indices of glass and air 
causes a partial reflection from a win
dow. Although the reflection from each 
interface is only about 0.6 percent, 
a total reflectivity of greater than 99 
percent can be achieved by stacking 
many alternate layers of the proper 
thickness. 

Ironically, then, the bulk of a micro
laser consists not of the approximately 
hundredth-micron-thick section con
taining the amplifying medium but 
rather of the mirrors, which together 
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are four or five microns thick . The rela
tive thickness of the mirrors is well jus
tified, however, because an entire array 
of microlasers-mirrors and all-can 
be grown at once, instead of being 
painstakingly fabricated in the series of 
steps required to make a diode laser. 

Just as important as the ability of 
molecular-beam epitaxy to form an en
tire microlaser in one step is the preci
sion with which it can form the thick
ness of each layer. Careful control of 
layer thickness is particularly important 
in fabricating the mirrors. The technique 
for achieving the necessary control is 
based on the fact that an individual 
atomic layer becomes progressively 
rougher as it grows, until about half of 
it is in place. Then the layer begins to 
become progressively smoother until, 
when it is completely in place, it is 
atomically smooth. 

One can determine how smooth a 
surface is by bouncing a beam of high
energy electrons off it: the smoother 
the surface, the more easily the elec
trons are reflected and detected on a 
screen on the other side. Hence, the in
tensity of the reflected beam oscillates 
in time as successive layers are grown. 
Accurate measurement of the frequen
cy of the oscillation can precisely deter
mine the time to deposit a single layer 
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gallium arsenide (pink). The actual am
plifying medium is quite thin ( pink 
layer); the bulk of the device consists of 
its mirrors (red and yellow layers). 

of atoms. The resulting exact knowl
edge of the deposition rate can then be 
used to strictly control the layer's thick
ness. Timing of the mechanical shut
ters with a computer provides precise 
regulation. 

Another advantage of molecular
beam epitaxy is that it enables one 
to modulate the electrical conductivity 
and reflectivity of the mirrors. The elec
tric current for pumping the diode 
must pass through the mirrors, but un
fortunately, the current does not flow 
easily in this instance. The electrical 
and optical properties cannot be opti
mized simultaneously, and so micro
lasers must be designed to accommo
date the two competing demands as 
best as possible. 

O nce the wafers have been grown, 
conventional techniques for 
transferring patterns are used 

to carve the wafers into individual mi
crolasers. An etch mask, consisting of a 
two-dimensional array of disks of etch
resistant material, is deposited on the 
wafer surface by vapor deposition and 
photolithography, a printing process 
that uses plates made according to a 
photographic image. Then, in a novel 
etching step, a collimated beam of xe
non atoms, guided by the deposited 

mask, vertically etches out each Coke 
can-shaped microlaser. The resulting 
sidewalls are smooth, and the surface 
damage is minimal. . 

Our group at Bellcore has used these 
advanced techniques to make arrays 
of microlasers in which a few layers of 
one of the mirrors were deliberately 
varied in thickness. Consequently, the 
wavelength of each laser differs slightly 
from that of its neighbor-by an evenly 
spaced amount. Such arrays could have 
a major impact in the field of fiber-optic 
communications, where it is desirable to 
send multiple signals, each at a unique 
wavelength, down a single fiber. 

The Bellcore group has also made en
tire arrays of microlasers that can be 
turned on and off by light pulses. The 
arrays could be incorporated in infor
mation-processing machines that oper
ate by parallel processing, in which ele
ments of a problem are solved simulta
neously rather than in sequence [see 
"Advanced Computer Architectures," 
by Geoffrey C. Fox and Paul C. Messina; 
SCIENTIFIC AMERICAN, October 1987]. 
Related efforts at Nippon Electric Cor
poration, the University of California at 
Santa Barbara and Sandia National Lab
oratories, among others, are also meet
ing with success. 

Future work in microlasers is likely to 
take two paths. First, the present gener
ation of microlasers has an output at 
wavelengths of approximately one mi
cron (infrared radiation). It would be 
desirable to increase the output wave
length to the region ranging from 1.3 to 
1.5 microns, because these wavelengths 
are transmitted with the fewest losses 
in an optical fiber and are therefore of 
potential use in optical communica
tions. To date, microlasers operating in 
the longer-wavelength region have not 
worked very well, primarily because of 
a lack of suitable semiconductor mate
rials that can be grown into a stack of 
layers forming mirrors for those wave
lengths. At present, instead of being 
five or six microns tall, an efficient mi
crolaser working at 1.5 microns would 
have to be about 20 microns tall, which 
would take almost 24 hours to grow 
precisely using molecular-beam epitaxy. 
Such a structure would not be very 
practical, but alternative designs still to 
be demonstrated may prove sufficient. 

Further miniaturization, which is also 
just now being explored, is the second 
likely line of future research. The road 
will be difficult; we are already close to 
reaching the small-size limit beyond 
which the lasers will no longer work . 
The reason is that the diameter of the 
laser must be comparable to the wave-

length of the radiation it emits; if the 
diameter is smaller than the wavelength, 
it does not contain the light effective
ly. Admittedly, there is an added bonus 
of working with gallium arsenide: al
though the laser wavelength is about 
one micron in air, within the laser itself 
it is about three times shorter because 
of the high index of refraction of the 
semiconductor. At some size smaller 
than 0.3 micron, however, a microlaser 
will no longer work . 

Why bother to shrink the size 
of microlasers from a relative
ly comfortable one micron to, 

say, a difficult one third of a micron? 
Further reduction could allow an order 
of magnitude more information to be 
communicated and processed with the 
same power requirements. Second, even 
more fundamental advantages in pow
er and speed could be attained-advan
tages that are not predicted by simple 
scaling. 

Virtually every laser is inefficient. 
The first flash of light emitted by the 
pumped atoms in the amplifying medi
um goes randomly in all directions. 
Most of the light does not even strike 
the laser mirrors, and it is lost. Only a 
tiny fraction, one part in 10,000 or so, 
travels in just the right direction to 
contribute to the working of the laser. 
It turns out, however, that when the 
cavity containing the amplifying medi
um is short and has a small diameter, 
the walls of the cavity itself, through 
reflections, can modify the direction 
in which the light is initially emitted. 
In a small cavity the light can be emit
ted only in certain allowed directions 
and at certain wavelengths. In an ex
tremely small cavity the light is emitted 
only along the direction of the desired 
laser beam. 

It would therefore appear that mi
crolasers having a diameter of approx
imately one third of a micron may form 
the ultimate optoelectronic informa
tion-processing device: a small, fast and 
highly efficient laser requiring low pow
er. Although the prime motivation for 
building such a device would be for in
formation processing, other applica
tions would undoubtedly be found. Pan
els of visible-light microlasers could 
provide efficient lighting, turning the 
applications full circle from exotic op
toelectronic computer technology to a 
more down-to-earth lamp with which 
you might read this magazine. 

We have experimented to see just 
how small microlasers can be made and 
still work. For the purposes of our tests, 
we pump the atoms in the amplifying 
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MULTILAYERED STRUCTURE of a microlaser is evident in a scanning electron mi
crograph_ To show the structure, layers of aluminum arsenide have been etched 
preferentially, with the result that layers of gallium arsenide have larger diameters 
and project out. Such preferential etching is not done on a working microlaser. 

WORLD'S SMALlEST MICROLASERS are about eight microns long and only half a mi
cron in diameter. The authors have successfully tested them with bursts of light. 
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medium with focused bursts of light 
instead of electric current. It is easier 
to fabricate light-pumped devices than 
electrically pumped ones, and although 
optically pumped devices are never ex
pected to have any commercial poten
tial, our tests with them have helped 
convince us (and our managers) that 
an effort to make electrically pumped 
cavities of such size is not completely 
outrageous. 

So far we have demonstrated that de
vices having a diameter as small as 
one half of a micron can work. Inter
estingly enough, our tests actually pre
cede any accurate theoretical simula
tion. Modeling the complex interactions 
arising from the large number of semi
conductor layers would consume huge 
amounts of computer time and might 
even require an optical computer! 

P erhaps the most exciting aspect of 
microlaser research is the manner 
in which it spans the diSCiplines 

of fundamental physics, device phys
ics, classical optics, semiconductor op
tics and optoelectronic and systems 
integration. Microlasers also challenge 
investigators' creativity to take advan
tage of the tremendous applications 
awaiting discovery. Communications 
and remote sensing are two areas in 
which optical systems appear to have 
fundamental advantages over electron
ic systems. As machine vision becomes 
increasingly important, arrays of inex
pensive micro lasers could allow the 
technology to be adapted to aid the 
sight-impaired. We believe the variety 
of applications of microlasers will be 
exceedingly wide, but at this point it is 
only a belief. We look forward to re
reading our article 10 years from now 
to see where we were completely off 
target and where we were right on. 
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Cultured Cells 
for the Treatment of Disease 

The successful growth of human skin cells 
zn culture has made it possible to restore epidermis 

after severe burns and other forms of damage 

B iologists working on basic prob
lems are always pleased if their re
search leads to practical applica

tion.In 1974 I had no intention of study
ing the treatment of any disease, when 
some experiments carried out in my 
laboratory on a cultured mouse tumor 
suggested the possibility of a new way 
of healing human burns. These studies 
led to a novel method of growing human 
epidermal cells in culture and, in 1979, 
to their use in generating epidermis for 
third-degree burn victims. The applica
tion of these cultures was then extend
ed to the treatment of other diseases. 

Although it may seem unlikely that 
the study of a mouse tumor could lead 
to a treatment for burned humans, 
the two subjects were linked in a way 
that could not have been foreseen. My 
graduate student james G. Rheinwald 
and I were studying a particular mouse 
tumor, called a teratoma, which con
tains pluripotent cells that are able to 
give rise to multiple somatic cell types. 
Through experiment, we arrived at con
ditions that permitted the proliferation 
of colonies of an unusual cell type. On 
examination, it became clear that these 
colonies consisted of squamous epithe
lial cells, or keratinocytes. This broad 
category includes cells of the epider
mis, the outer layer of the skin, as well 
as those that form the surfaces of the 
oral cavity, the pharynx, the esophagus, 
the cornea and the vagina. 

This finding was striking. At that 
time, there were no known conditions 
that would support substantial multipli-

HOWARD GREEN is the George Higgin
son Professor of Cellular Physiology in 
the department of cellular and molecu
lar physiology at Harvard Medical School. 
He has devoted most of his scientific life 
to studies of differentiation, genetics and 
growth using cultured mammalian cells. 

by Howard Green 

cation of cultured human keratinocytes. 
Could the environment that support
ed the growth of the mouse teratomal 
keratinocytes be equally successful for 
human epidermal keratinocytes? When 
we tested the latter under the same cul
ture conditions, we were delighted to 
see that they grew rapidly and that they 
could be repeatedly subcultured-and· 
therefore grown in large amounts. 

T issue culture is not a new field. 
Although it began more than 100 
years ago, it did not have any 

practical consequences or much influ
ence on scientific research until the 
1940s. At that time, use of the technique 
of dissociating cells from one another 
allowed greater proliferation than could 
be obtained from tissue fragments. But 
even today most of the estimated 200 
cell types of which the human body is 
composed cannot multiply extensively 
under any culture conditions. 

Of the few cell types readily cul
tivable from normal tissue, most are 
derived from connective tissue. These 
include fibroblasts, the myoblastic pre
cursors of muscle cells, the endothelial 
cells that line the heart, lymphatic and 
blood vessels, and the mesothelial cells 
that line the peritoneal and pleural cav
ities, the two large body cavities. In ad
dition to keratinocytes, a few other ep
ithelial cell types, such as urothelial 
cells and mammary epithelial cells, can 
now be successfully cultivated. 

Because human cells are stable in 
culture and do not lose their ability to 
differentiate, it seemed possible that 
our cultures could be used as grafts for 
the generation of epidermis. The epi
dermis is a particularly suitable tissue 
for regeneration from cultures because 
more than 90 percent of it is composed 
of one cell type-keratinocytes. These 
cells are named for their most abun
dant proteins, the keratins, a class of 
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filament proteins. Other types of cells 
also reside in the epidermis, but they 
are not responsible for its structure. 
They include the melanocytes, or pig
ment-forming cells, T lymphocytes of 
the immune system [see "The lmmuno
logic Function of Skin," by Richard L .  
Edelson and joseph M .  Fink; SCIENTIFIC 

AMERICAN, june 1985) and special mac
rophages called Langerhans cells, as 
well as neuroendocrine, or Merkel, cells. 

The epidermis is built of two parts, 
each consisting of multiple cell layers. 
The inner part contains living cells; the 
outer, cellular skeletons, or corneocytes. 
Although the corneocytes have no me
tabolism, they confer most of the skin's 
resistance to chemical and physical at
tack . In their normally dehydrated state, 
they are also responsible for the skin's 
impermeability to water. In the living 
part of the epidermis, the keratinocytes 
prepare to form corneocytes by becom
ing increasingly speCialized through a 
process of terminal differentiation, fol
lowed by programmed cell death. In
deed, the keratinocyte is the only cell 
type that carries out its functions bet
ter when it is dead than when it is alive. 

In the basal layer of the living part 
of the epidermiS, cells are generated 
by multiplication. Between its birth and 
its conversion to a corneocyte, each ke
ratinocyte grows in size and remodels 
its cytoplasm, so that by the time it is 
ready to be converted into a corneocyte, 
it is structurally very different from its 
younger self. 

The proliferating keratinocytes are 
mainly small cells lying on the base
ment membrane that separates the epi
dermis from the underlying connective 
tissue. The cells of this basal layer nor
mally divide at a low rate, the progeny 
serving only to replace those cells un
dergoing terminal differentiation. It may 
require three to four weeks for a cell 
generated by a division in the basal lay-
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er to move through the living and cor
nified layers and be shed from the out
er surface as a corneocyte. 

Underlying the epidermis is a spe
cialized connective tissue, the dermis. 
Its principal cells, the fibroblasts, make 
the collagen and elastin that serve as 
extracellular structural elements. The 
dermis also contains hair follicles, sweat 
glands and sebaceous glands, as well as 
an orderly array of capillary blood ves
sels. The fluid that nourishes the epi
dermis originates within the capillaries 
but becomes laden with fibroblast prod
ucts as it flows or diffuses through the 
dermis before it crosses the basement 
membrane and reaches the epidermis. 

These fibroblast products are essen
tial for the optimal proliferation of ke
ratinocytes. By including fibroblasts in 
our cultures, we were able to provide 
their products to the keratinocytes. For 
this purpose, we employed an estab-

lished line of fibroblasts developed in 
my laboratory years earlier and called 
3T3 cells. After lethally irradiating the 
3T3 cells to prevent their own growth, 
we introduced them in sufficient num
ber to cover the bottom of the culture 
vessel before adding the epidermal cells. 
Although it is clear that products of the 
3T3 cells are essential for the support 
of keratinocyte proliferation, the nature 
of these products remains unknown. 

We also discovered that some 
previously known substances 
could further improve kerati

nocyte proliferation. For this reason, 
we later included in our culture me
dium epidermal growth factor, cholera 
toxin-which promotes the growth of 
the cells, while doing them no dam
age-and a mixture of growth factors 
discovered by other investigators. 

Once the culture conditions were es-

tablished, my colleague Yann Barran
don and I studied the proliferation of 
cultured keratinocytes in considerable 
detail. When cells of the epidermiS are 
dissociated from one another with the 
enzyme trypsin, which breaks down 
junctions between the cells, and placed 
into a culture vessel, most are unable to 
form colonies because they have already 
begun the process of terminal differen
tiation. Even if the culture conditions 
are good, only 1 to 10 percent of the 
cells of an epidermis will proliferate and 
form colonies. When these colonies are 
small, the cells multiply exponentially, 
with a doubling time of about 17 hours. 

If, at this point, the cells are again 
separated and transferred to a fresh 
culture, they will form colonies-this 
time, with an efficiency of about 70 per
cent. In humans, such proliferative zeal 
would be expressed in the epidermis 
only under conditions of wound heal-

� EPIDERMAL CELLS proliferate rapidly in culture. 
These flasks contain stained keratinocyte colonies grown for 
seven (far left), nine, 11 and 14 days (far right). In actual 

practice, the starting number of cells is greater, so growth 
is complete by seven to nine days. The confluent epithelium 
is then detached and used as a graft. 
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ing and then only for very brief peri
ods. Therefore, we would probably be 
safe in concluding that our culture con
ditions support epidermal proliferation 
better than do conditions in the epider
mis itself. 

Even populations of growing kerati
nocytes are not homogeneous, and it is 
possible to isolate clonal subtypes with 
greatly differing growth potential. Un
der poor culture conditions, clones pos
sessing a great deal of growth poten
tial, called holoclones, degrade into 
clones that have restricted growth po
tential, called paraclones. For this rea
son, it is vital to use culture conditions 
that preserve holoclones. 

After less than a week's growth, an 
epidermal colony becomes a monolay
er of about 600 cells. The cells in the 
central region now begin to stratify and 
to differentiate terminally. As a result, 
new layers are added between the bas
al cells and the culture medium. But 
the inability of the cells in the upper 
layers to proliferate means that the en
tire colony can no longer grow expo
nentially, and as a result the average 
growth rate is reduced. To eA'Pand the 
number of cells as rapidly as pOSSible, it 
is necessary to dissociate the cells be
fore the colonies have begun to stratify, 
transfer the cells to other vessels and 
allow colony formation to begin anew. 

Because of the separation of prolifer
ating cells from terminally differentiat
ing cells, each large colony acquires a 
polarity resembling that of the normal 
epidermis. The basal cells lie on the 
surface of the culture vessel, as if they 
were on the basement membrane of 
the epidermis, and the terminally dif
ferentiating cells are suprabasal, just as 
they are in the epidermis. The epider
mis, however, is nourished from the 
basal side, which is closest to the blood 
vessels of the dermis, whereas the cul
tured cells are nourished from the dif
ferentiated side, closest to the overly
ing medium. 

In the epidermis the keratinocytes of 
these different layers are held together 
by desmosomes, reinforced junctions 
between adjacent cells. In the cultures, 
desmosomes form between the cells of 
each growing colony. As the radius of 
the colonies increases, at a rate of up 
to two millimeters a day, the cells of 
neighboring colonies begin to make con
tact, and desmosomes form at these 
points. As the colonies continue to ex
pand, they sweep the supporting 3T3 
cells off the vessel surface. When the 
colonies become confluent, they form 
a coherent sheet of pure epithelium 
whose cells are all firmly linked to one 
another by desmosomes. 

The cultured epithelium adheres 

strongly to the vessel surface but may 
be simply and gently detached as a 
stratified sheet by the action of a pro
tein-digesting enzyme, Dispase. This 
enzyme dissolves the attachments be
tween the basal cells and the vessel 
without disturbing the desmosomal 
junctions between adjacent cells. 

At this stage, however, the cultured 
epithelium is only a facsimile of the 
epidermis. The newly grown tissue is 
stratified and has polarity, but its cel
lular organization is irregular, possibly 
because the cells have grown too rap
idly to align correctly. In addition, the 
normal process of terminal differentia
tion has not been carried out precise
ly-for instance, few cornified cells ex
ist on the outer surface, and there are 
hardly any of the granular cells that 
normally lie at the outer limit of the liv
ing part of the epidermis. The cultured 
cells also fail to synthesize certain ker
atins that normally appear during the 
differentiation of the outer cell layers 
in the living part of the epidermiS. Ob
viously many changes would have to 
take place for the cultured epithelium 
to generate a properly organized and 
differentiated epidermis. 

I t remained to graft cultures in order 
to determine whether the necessary 
structural and biochemical chang

es could take place. In our first experi
ments we grafted human cultures onto 
athymic mice, which are unable to re
ject them. The result was a histologi
cally normal human epidermis. 

This success gave us sufficient confi
dence to explore the utility of cultured 
grafts to treat humans. In 1979 and 
1980 Nicholas E .  O'Connor and John 
Mulliken first tested cultured grafts on 
badly burned adults in Boston at the 
Peter Bent Brigham Hospital, now Brig
ham and Women's. Skin biopsies from 
these patients were brought to my lab
oratory, the cells were dissociated with 
trypsin and cultures were grown to con
fluence in small petri dishes. The epithe
lium was then detached with Dispase, 
washed free of extraneous protein, at
tached to a backing of gauze, brought 
to the hospital and applied to the pa
tients. About half of the cultures en
grafted and generated epidermis. 

G. Gregory Gallico III and O'Connor en
larged the scale of this work when they 
treated children under the care of John 
P. Remensnyder at the Shriners Burns 
Institute of Boston. Some patients were 
burned over 90 percent of their bodies. 
In a remarkable series of trials, as much 
as half of the epidermis of these children 
was regenerated from cultures. Since 
then, patients have received cultured 
grafts in Leiden, Genoa, Stockholm and 
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Mexico City as well as in other centers 
in the U.S., Europe and Canada. 

What I have described so far· is the 
generation of epithelium over third-de
gree burn wounds; in such wounds not 
only is the epidermiS destroyed but 
also the hair follicles and sweat glands, 
which ordinarily contain keratinocytes 
able to regenerate epidermis. Unless it 
is very small, such a wound cannot heal 
spontaneously. New keratinocytes must 
be provided, and they must generate 
progeny for the lifetime of the patient. 
For this reason, the epidermal cells of 
other humans will not do. They may 
function temporarily, but they will soon 
be rejected by the patient's immune sys
tem. Therefore, the cultured keratino
cytes used to generate epidermis for 
third-degree wounds must come from 
the patient himself. 

The amount of unburned epidermis 
that needs to be taken for cultivation is 
small. Starting with a three-square-cen
timeter biopsy, the area of epithelium 
can be expanded more than 5,000-fold 
within three to four weeks-yielding 
nearly enough epithelium to cover the 
body surface of an adult human, or 1. 7 

square meters. 
Work on this scale requires numerous 

laboratory personnel to handle a large 
number of cultures simultaneously. For 
instance, to restore epidermis as quick
ly as pOSSible, it is desirable to cover 
the entire front or back surface of the 
body in a single operation. For an aver
age adult, this would require up to 350 
grafts of 25 square-centimeters. The 
logistics of such a process have been 
worked out by Olaniyi Kehinde, first in 
my laboratory and later at BioSurface 
Technology, Inc. , in Cambridge, Mass. 

Long before cultured epithelium be
came available, skin grafting was an ac
cepted technique. Since the method was 
developed in France a century ago, con
ventional grafts, which are called split
thickness grafts, have been transferred 
directly from one part of the body to 
another. Such a graft is about 0.3 mil
limeter thick and contains the entire 
epidermis of the surface from which 
it was cut, together with a somewhat 
greater thickness of dermis. Epidermis 
is restored at the donor site by kerati
nocytes of the hair follicles and sweat 
glands, whose deeper parts are not 
removed with the graft. These kerati
nocytes migrate to the surface of the 
wound and proliferate until the surface 
is covered with a new epidermiS. 

When a split-thickness graft is trans
ferred to another location, it must unite 
with the wound bed. This union takes 
place between two connective tissues: 
the dermis of the graft and the der
mis or deeper connective tissue of the 
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SKIN includes the epidermis and dermis. Dead keratino
cytes, or corneocytes, form the outer part of the epider
mis, and living keratinocytes form the inner part. The un-

derlying dermis is composed of fibroblasts and their prod
ucts, which are organized differently in the papillary and 
reticular layers. 

wound bed. The primary adhesion may 
result from macromolecules present in 
plasma or tissue fluid, but the junction 
can have little strength until it has been 
traversed by fibroblasts and reinforced 
by their principal products, the colla
gens. These proteins are deposited in 
the form of coarse fibers, which are fre
quently visible as scars. 

In this union, the epidermis is pas
sive. It has not been greatly disturbed, 
since it is still attached to the basement 
membrane and the underlying dermis 
that was removed with it from the do
nor site. It seems remarkable that the 
epidermis survives the process. Until 
the capillary circulation is extended into 
the dermis of the graft, nutrient fluid 
reaching the epidermis must travel a 
long distance from the capillaries of the 
wound bed. Passage of the fluid may 
be somewhat obstructed by coagulated 
blood, inflammation and, later, by scar. 

The union of a cultured epithelial 
graft with a wound bed is quite dif
ferent. There is virtually no connective 

tissue in the cultured graft. Although 
some fibroblasts may exist among the 
trypsinized epidermal cells used to start 
the cultures, their multiplication is sup
pressed by the irradiated 3T3 cells, and 
few remain by the time the cultured ke
ratinocytes have become confluent. The 
graft therefore presents to the wound 
bed an essentially pure epithelial sur
face. The direct contact between the two 
should make it easier for the epithelial 
cells to be nourished, because no inter
vening grafted connective tissue sepa
rates them from the capillaries of the 
wound bed. But attachment and an
choring of the epithelium will require 
structures different from those required 
by a conventional skin graft. 

C onventional grafts are usually 
cut into a meshlike form so that 
they can cover a greater area of 

the wound. This practice, however, 
leaves interstices to be filled in. The 
epidermal cells that are to cover these 
gaps will , like the cultures, have to form 

an anchoring system. But they will also 
have to migrate a considerable distance 
across the wound bed and undergo 
more intense local proliferation than 
the cultured cells. 

The normalization of epidermal and 
connective tissue structure that fol
lows the grafting of cultured epitheli
um has been studied in detail by Car
olyn C. Compton and her colleagues at 
the Shriners Burns Institute. Using bi
opsy samples taken from regenerated 
skin over a period of five years after 
grafting of cultures onto deeply burned 
surfaces, they found that the different 
elements of normal structure return at 
different rates. Within a week , the gran
ular and cornified layers of the epider
mis reappear and the organization of 
the cells becomes more regular. Soon 
the other normally resident cell types
melanocytes and Langerhans cells
make their appearance. 

Melanocytes that are cultured alone 
do not grow as well as keratinocytes. 
But Michele DeLuca of the Cancer In-
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ENGRAFTMENT OF CULTURED EPITHEliUM is followed by 
regeneration of the skin. Within a week , the epidermis con
tains granular and cornified layers, and soon after, it be-

comes populated by melanocytes, or pigment-producing 
cells, as well as Langerhans cells of the immune system. The 
basement membrane is complete by three to four weeks. 

stitute in Genoa has shown that the 
growth rate of melanocytes improves 
when they are cultured in the presence 
of keratinocytes.Therefore, the cultured 
grafts do contain melanocytes. After 
grafting, the melanocytes multiply and 
migrate to occupy their normal posi
tions, dispersed in the basal layer of 
the regenerated epidermis. 

The Langerhans cells, which originate 
from bone marrow, cannot multiply 
under the culture conditions employed, 
and probably none are present in the 
grafts. Nevertheless, these blood-borne 
cells soon reappear in the epidermis re
generated from the cultured grafts be
cause they have the ability to invade the 
epidermis from the underlying dermis 
and must routinely do so in order to 
maintain their numbers in the epider
mis. The epidermis generated from cul
tures seems to provide all the necessary 
cues for melanocyte migration and pro
liferation and for the invasion of Langer
hans cells. Among these cues, chemo
tactic factors are likely to be important. 

Within a week after grafting of cul
tures, basement membrane begins to 
appear in local patches, and it becomes 
complete after three to four weeks. An
choring fibrils, which normally secure 
the basement membrane to the dermis, 
also can be detected within a week . 
They become larger and more numer
ous as time passes, and within one to 
two years they become similar in num
ber, size and branching to those of nor
mal skin. In about a year the boundary 
between epidermis and connective tissue 
becomes convoluted by the formation of 
interlocking dermal and epidermal papil
lae, or projections, as in normal skin. 

Most remarkable of all, within two to 
five years after grafting, the underlying 
connective tissue acquires a structure 

very similar to that of normal dermis. 
The connective tissue near the epithe
lium differentiates into a fine-fibered 
papillary dermis. Further away, the der
mis becomes coarse-fibered and reticu
lar, or netlike. In the reticular dermis, 
elastic fibers appear, and in the papil
lary dermis the blood vessels adopt 
a typical arched pattern. In summary, 
over the five-year period so far studied, 
not only the epidermis but also the un
derlying dermis has regenerated. 

The epidermis appears to be a self-as
sembling structure. Each keratinocyte 
has all the necessary information to or
ganize an epidermiS, since a single cell 
isolated in culture and grown into an ep
ithelium will, when grafted, generate an 
epidermis. The other cell types, when 
they repopulate the epidermis, receive 
instructions from the keratinocytes. 

The keratinocytes, however, do not 
seem to take instruction. For example, 
the keratinocytes of the palms and soles 
have site specificity: their histological 
structure is distinctive, and they make 
keratins of a type not made elsewhere. 
When these cells are grown in culture 
and transplanted to other body surfac
es, they keep their original site specifici
ty. This is in contrast to the behavior 
of epithelial cells in early development, 
when they are known to be instructed 
by the adjacent embryonic connective 
tissue as to the type of differentiation 
they are to undergo. Evidently epider
mal cells learn their lesson well, for they 
do not seem to forget it after birth. 

T he successful use of cultured 
grafts for treating burn victims 
depends on overcoming a major 

difficulty. The surface to be grafted is 
usually highly contaminated with mi
croorganisms, and cultured grafts are 
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more sensitive to this condition than 
are ordinary skin grafts. Cultures there
fore require more meticulous prepara
tion of the wounds and nearly com
plete elimination of microorganisms. 

Among the methods of achieving this 
goal is the preliminary use of frozen 
skin grafts obtained from cadavers. 
When such grafts-called allografts, in 
contrast to auto grafts prepared from 
the epidermis of the future recipient
are applied to wound beds, they can be 
made to engraft with high frequency. 
The underlying tissue, now closed over, 
is soon freed of microorganisms by the 
defense mechanisms of the patient. The 
foreign grafts would soon be destroyed 
by the patient's immune system, but 
before or at that time they are excised 
and replaced by the patient's own skin. 

In 1986 Charles B. Cuono, Joseph Mc
Guire and their colleagues at Yale Uni
versity modified this procedure. Rather 
than removing the entire engrafted al
lograft, they removed only the epider
mal part and grafted the cultures to a 
bed of residual allodermis. This meth
od achieves over 85 percent success in 
the engraftment of the cultures and has 
been adopted at a number of burn cen
ters. In addition to providing a sterile 
bed for grafting, it may be that the re
sidual allodermis confers some bene
ficial properties associated with its nor
mal differentiated function, although all 
allogeneic cells in it will soon be de
stroyed, and most of the extracellular 
products will also be eliminated. 

After they were successfully used in 
the treatment of large third-degree 
burns, cultures were applied to the 
treatment of other conditions in which 
it is necessary to regenerate epidermis. 
Some children, for example, are born 
with a condition called giant hairy ne-
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After a year or so, the anchoring fibrils that attach the 
basement membrane to the dermis are fully developed, and 
the boundary between epidermis and underlying connective 

tissue is convoluted by epidermal and dermal papillae, or 
projections. Within two to five years, the papillary and reo 
ticular dermis regenerates. 

vus. In this disorder, the abnormal me· 
lanocytes are unsightly and subject to 
malignant change. Usually giant nevi 
are excised deeply, and the wounds are 
covered with split-thickness grafts of 
unaffected skin. Sometimes, however, 
the nevi cover so much body surface 
that it is difficult to find enough unaf
fected skin to provide the necessary 
grafts. Since very little skin is sufficient 
to provide a large number of cultured 
grafts, these have been used by Gallico 
of the Massachusetts General Hospital 
to restore epidermis. Because the sur
gical wounds are clean, the cultured 
grafts take with high frequency. 

Cultures for restoring epidermis have 
also been used after removal of scars, 
particularly those so extensive as to lim
it movement. Keloids, a condition of ex
cessive scar production, have been treat
ed by excision followed by the grafting 
of cultures by O'Connor. 

Cultured oral keratinocytes have been 
used to regenerate epithelium in the 
mouth, and cultured urethral keratino
cytes have been used to repair congeni
tal penile defects. In England cultured 
epidermal keratinocytes have been used 
to generate an epithelial lining for the 
chronically infected mastoid cavities as
sociated with middle ear diseases, there
by curing chronic and troublesome dis
charge from this region. 

Cultured grafts have also been used 
to treat chronic skin ulcers. Irene Leigh 
and her colleagues at the London Hos
pital began to study the use of this 
technique to cure leg ulcers, a common 
condition in elderly people that is often 
associated with poor circulation and di
abetes. These ulcers may be resistant 
to treatment and persist for years. In 
their first trial, a single application of a 
cultured graft was suffiCient to cure a 

large fraction of such ulcers. This expe
rience was confirmed and extended by 
a study carried out at the Boston Uni
versity Hospital by Tania Phillips and 
Barbara Gilchrest. A similar study by 
Robert Teepe, now at the Ziekenhuis 
Leyenburg in The Hague, and his col
leagues in Leiden showed that repeat
ed applications of cultured grafts were 
even more effective. All three groups 
also found that a cultured graft pro
duced prompt relief of the pain that of
ten accompanies such lesions. 

These studies showed that cultured 
allografts were as effective as auto
grafts. At first. this finding encouraged 
the idea that, in contrast to skin grafts, 
cultured epidermal cells were able to 
survive in a foreign recipient. But when 
chromosomal or DNA markers were 
used to distinguish cells of donor and 
recipient, it became clear that within 
a short time after application of cul
tured allografts, no cells from the do
nor could be identified in the epider
mis covering the healed ulcer. 

H Ow then were such ulcers cured? 
Recent studies have provided 
some clues. We now know that 

keratinocytes are able to synthesize and 
secrete a bewildering variety of poly
peptide growth factors. One of these, 
TGF(alpha), is a polypeptide that, like 
epidermal growth factor, promotes pro
liferation and migration of keratino
cytes. This polypeptide may therefore 
be considered an autocrine growth fac
tor, stimulating the growth of the very 
cell type that secretes it. Given the nu
merous polypeptides now known to be 
secreted by keratinocytes, there may be 
more than one with an autocrine effect. 

The role of cultured allografts in pro
moting healing of chronic ulcers may 

be most easily explained in the follow
ing way. Deep within an ulcer, patches 
of keratinocytes belonging to hair folli
cles or sweat glands may remain. Since 
the condition of the ulcer bed is unfa
vorable to keratinocyte migration and 
proliferation, the cells do not extend 
and cover the wound, but they are not 
destroyed. When suitably stimulated by 
the autocrine growth factors, they be
gin to migrate and proliferate. A simi
lar response in the more numerous ke
ratinocytes bordering the wound would 
shrink its perimeter. 

The chemically mediated action that 
seems responsible for the healing of 
chronic ulcers is likely to be useful in 
any type of wound in which keratino
cytes survive. For example, in deep sec
ond-degree burns there is often a heal
ing problem, even though the deepest 
hair follicles and sweat glands still sup
ply keratinocytes. The application of 
cultured allografts has been shown to 
promote the healing of such wounds, 
as well as wounds created by the re
moval of conventional skin grafts. Of 
course, whenever a skin defect arises 
from underlying causes, subsequent 
healing may not be permanent: the 
healed surface will remain subject to 
recurrent breakdown unless the under
lying causes can be corrected. 

Cultures for treating third-degree 
wounds must be made-to-order because 
the biopsy must come from the patient. 
Allogeneic cultures can be prepared 
from any donor. A practical source of 
epidermal cells with good growth po
tential is the skin removed at circum
cision of healthy newborn infants. The 
cultures derived from this epidermis 
can be exhaustively tested for possi
ble microbial contamination and can 
be confidently certified as healthy. The 
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cells can be stored at the temperature 
of liquid nitrogen and used as desired 
to make cultures for grafting. It is now 
possible to prepare even the final graft
able cultures in the cryopreserved state. 
Such grafts will probably be stored in 
hospitals, so that they will be instantly 
available when required for the treat
ment of wounds. tarning how to cultivate keratino

cytes has enabled us to use them 
in the treatment of disease. Al

though this experience cannot be auto
matically extended to other cell types 
and other applications, one must think 
about the possibilities. For instance, 

might it be possible to use cultured en
dothelial cells to line vascular prosthe
ses; cultured urothelial cells to repair 
urinary tracts; cultured pancreatic islet 
cells to treat diabetes; cultured liver 
cells to provide hepatic functions or cul
tured myoblasts to treat muscle disease? 

To become practical, all these appli
cations will require substantial advanc
es in knowledge. The poor cultivability 
of liver cells and pancreatic islet cells is 
still a serious limitation. While endothe
lial cells derived from umbilical cord 
grow well, those taken from adult hu
mans do not. And although human my
oblasts can be grown well, it is not easy 
to use them to generate muscle, because 
of the complex cellular organization of 
muscle and difficulties in introducing 
the myoblasts at the right location. 

Also in the future lies the use of cul
tured cells for gene therapy. Cells syn
thesizing a product lacking in the body, 
say, a hormone or an enzyme, would be 
engrafted into a human and would sup
ply the missing product. It is already 
possible to introduce a transcriptional
ly active exogenous gene into cultured 
cells, which then make the product. 

Frequently, however, genes expressed 
quite well in cultivated cells seem not 

SKIN REGENERATED from cultured epi
thelium (far left) is shown two and one 
half months after grafting onto alloder
mis. In contrast to meshed split-thick
ness grafts, the boundaries between the 
grafts are invisible; however, the epider
mis is pinker and more fragile than nor
mal. With time, the skin becomes pal
er and more robust. The tissue section 
(near left) shows skin regenerated from 
a culture five years after engraftment. 
It reveals the same features as normal 
skin: a mature epidermis, a convoluted 
basement membrane and a well-differ
entiated papillary and reticular dermis. 

to be expressed after the cells engraft, 
perhaps because the transduced gene 
in a differentiated tissue is subject to 
some kind of repression not exerted 
while the cells are in cultivation. Much 
remains to be learned, not only about 
how the vectors can be improved to 
maximize expression but also about 
what cells can be cultivated and graft
ed so as to generate an adequate bulk 
of tissue whose product , derived from 
an exogenous gene, can reach the right 
location in the right amount. 

More than 500 patients throughout 
the world have received cultured kera
tinocytes for the treatment of burns, ul
cers or other conditions. This is a very 
small number in comparison with the 
number of patients burned or afflict
ed with chronic ulcers and other con
ditions, so there is·a great need for cul
tured keratinocytes. As more cell types 
become cultivable, practical applica
tions will probably be found for some 
of them as well. Although the neces
sary components of a medium suitable 
for established cell lines and fibroblasts 
have been known for many years, such 
a medium is not able to support growth 
of the vast majority of normal cell types. 
Improving the cultivability of any cell 
type is very difficult because no general 
recipe applies. We need to learn more 
about the biology of each cell type and 
how to apply this knowledge to its culti
vation. At times, something more may 
be necessary: this may be called insight, 
intuition or just plain luck . 
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II SOUTH GERMAN STATE LOTTERY (ii) 
oS'EONLO<' 

YOU CAN BE RICH - GET YOUR SHARE OF 440 MILLION sus 

1,500,000 tickets sold - 746,308 winning numbers! 

Unlike any other lottery in the world, the West German 
Government offers a lottery that produces almost one win
ner for every two numbers entered. Incredible as it may 
seem, this ancient lottery, dating back to the 17th century, 
has ticket sales limited to 1,500,000 - with exactly 746,308 
guaranteed winners. Yes, that's right, almost every second 
ticket produces a cash prize. And there's a pool of over 

Check the order coupon below and decide the amount you 
wish to invest. A larger investment means that the cash 
prize will be correspondingly larger. For example, full ticket 
= full prize, half ticket = half prize, etc. Simply enclose 
your payment with the order coupon. You may pay with your 
personal check, money order, travellers check, or bank draft 
( in U.S. Dollars). And if it's more convenient, we accept 
major credit cards ( a nominal overseas handling fee is 
charged and payment must be for all six classes) . 

$ 440 million U.S. dollars in prize money that must be 
awarded to winners. What a ! 

Our next lottery begins November 16, 1991 and runs for 
26 weeks. Every Saturday during the 26 week period there 
will be government regulated drawings held in Munich. The 
winning numbers are drawn and announced under strict The lottery consists of 6 classes, one class per mo 

government supervision. Your personal ticket will keep you four weekly draws per class, and 2 extra draws in the sixth 

in the lottery each week until you are a winner or for the final and main class. This means that each ticket partici-

duration of the lottery. Each month you'll receive a statement pates in 26 weekly drawings, unless, of course, it is a winner 

of your account, plus the official govern-
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monthly drawing schedule. You'll 

Summary of Jack-Pots 
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Your cash prize will be free of West 
German taxes. All payouts are 100%, 
with no deductions of any kind. 
The choice is yours ... we will pay 
you in German Marks, U.S. Dollars, 
or most any currency you select. 
And this will be done in strict 
confidence. Winners are not an
nounced publicly. Your individualized 
ticket number is registered with us in 
your name prior to mailing, allowing 
for complete safety and anonymity. 
You will be automatically notified of 
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Accredited Lottery Agent for the 
South German State Lottery. We 
represent thousands of clients like 
yourself throughout the world. Let 
us be of service to you. Perhaps 
you can become a winner of the 
South German State Lottery. 

and 745,860 prizes up to $14,700 US 
all prizes are based on full tickets. 

Act today! The next lottery begins 
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For rush-orders Call Toll Free 1-800 628-6974 (from US only). Check time difference (6 to 9 hr. 
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Genes, Peoples and Languages 
The family tree relating human populations corresponds to another 

relating the languages of the world. Both trees imply a series 
of migrations; the biological evidence indicates a homeland in Africa 

M ore than 40 years ago, when I 
was studying bacterial genet
ics in the laboratory of Sir Ron

ald A. Fisher of the University of Cam
bridge, the place was saturated with 
mathematical theorizing. Thus, it is not 
surprising that I started thinking about 
a project so ambitious it seemed al
most crazy: the reconstruction of where 
human populations originated and the 
paths by which they spread through
out the world. I reasoned that the task 
could be accomplished by measuring 
how closely living populations are re
lated to one another and by dedudng 
from this information a comprehensive 
family tree. 

The goal is at hand. An exhaustive 
analysis of human genetic data gath
ered over the past SO years, and of new 
data obtained "\Tith recently developed 
techniques, has enabled my colleagues 
and me to map the worldwide distribu
tion of hundreds of genes. From tlllS 
map, we have inferred the lines of de
scent of the populations of the world. 
Our tree agrees with another, smaller 
tree based on fundamentally different 
genetic data. Moreover, our reconstruc
tion finds striking parallels in a recent 
classification of languages. Genes, peo
ples and languages have thus diverged 

Ethnicity and Language 

CAUCASOID 

by Luigi Luca Cavalli-Sforza 

in tandem, through a series of nligra
tions that apparently began in Africa 
and spread through Asia to Europe, the 
New World and the Pacific. 

The concept of a family tree is cru
cial to placing such events in their 
chronological sequence. If other fac
tors are equal, the longer the time since 
two populations split apart, the great
er the genetic difference-or distance
between them should be. Such an anal
ysis could then be applied to a more 
complex history involving three or more 
populations. 

Human populations are sometimes 
known as ethnic groups, or "races," if 
one likes, although racist nlisuse of the 
term has made it rather odious. They 
are hard to define in a way that is both 
rigorous and useful because human be
ings group themselves in a bewildering 
array of sets, some of them overlap
ping, all of them in a state of flux. Lan
guages, however, gave us a little help. 

For much of its history, the human 
species was organized by tribes, or 
groups of fairly closely related people. 
Tribal affiliations continue to be of car
dinal importance in traditional societies. 
In addition, there is often a one-to
one correspondence between language 
and tribe. Thus, languages offer a rough 

AFRICAN 

MEDITERRANEAN NORTH INDIAN JU/HUA 
BUSHMAN 

MASAI 
EUROPEAN 

guide to tribes, and tribal membership, 
when available, provides a rough classi
fication of populations. 

Because the situation is far more 
complicated in metropolitan societies, 
we reduced our practical problems by 
focusing our study on aboriginal popu
lations: those that occupied their pres
ent territories before the great nligrato
ry waves that followed the voyages of 
discovery in the Renaissance. Distances 
between these aboriginal groups can
not be abstracted from the presence or 
absence of a single inherited trait, or 
the gene that expresses it, because each 
group carries practically all the extant 
human genes. What does vary is the fre
quency with which the genes appear. �OOd example is furnished by 

the vast set of data for the Rh 
factor, a human blood antigen 

that comes in two forms, positive and 
negative. The character is inherited in a 
simple way, and it has been studied in 
thousands of populations for reasons 
of public health. Physicians must iden
tify pregnant women who are Rh nega
tive and whose fetus is Rh positive and 
administer an immunologic treatment 
immediately after delivery. The treat
ment prevents the woman's body from 
making antibodies that nlight injure 
children she conceives later on. Rh-neg-

MAINLAND ASIAN 

PYGMY CHINESE TIBETAN 

INDO-EUROPEAN LANGUAGE FAMILY KHOISAN NILO-SAHARAN NIGER-CONGO SINO-TIBETAN 
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ative genes are frequent in Europe, in
frequent in Africa and West Asia, and 
virtually absent in East Asia and among 
the aboriginal populations of America 
and Australia [see map on next page]. 

One can estimate degrees of relat
edness by subtracting the percentage 
of Rh-negative individuals among, say, 
the English (16 percent) from that 
among the Basques (25 percent) to find 
a difference of nine percentage points. 
But between the English and the East 
Asians it comes to 16 points-a greater 
distance that perhaps implies a more 
ancient separation. There is thus noth
ing formidable in the concept of genet
ic distance. 

In reality, geneticists use formulas 
slightly more complicated than simple 
subtraction so that distances can tell as 
much as possible about evolutionary 
history. Should the fragments of a sin
gle population become utterly isolated 
from one another, for example, they 
will differentiate even in the absence of 
mutations and natural selection [see 
"The Genetics of Human Populations," 
by L. L. Cavalli-Sforza; SCIENTIFIC AMER
ICAN, September 1974]. Chance alone 
causes their respective gene frequen
cies to change, in a process called drift. 

When other matters are equal, genet
ic distance increases simply and regu
larly over time. The longer two popula
tions are separated, the greater their ge
netic distance should be. Distance might 
therefore serve as a clock by which 
to date evolutionary history. Statistical 
considerations show, however, that one 
cannot expect a single gene like Rh to 
provide an accurate chronology. It is es
sential to use averages of many genes 
in the calculus of genetic distances and, 
ideally, to retest conclusions with dif
ferent sets of genes. Fortunately, thou
sands of genes are known, although 
only a small fraction has been tested in 
many populations. 

There are many principles on which 
one can reconstruct trees from genetic 

LUIGI LUCA CAY ALLl-SFORZA has been professor of genetics at Stanford University 
since 1971. Born in Genoa in 1922, he earned an M.D. from the University of Pavia in 
1944. He studied bacterial genetics in Italy and, from 1948 to 1950, at the laboratory of 
Sir Ronald A. Fisher of the University of Cambridge. He switched to human population 
genetics in 1952. Since then, he has studied consanguinity; genetic drift and the means 
of predicting it through demographic observations; the reciprocal relations between bio
logical and cultural evolution; the cultural significance of names and surnames; and the 
reconstruction of human evolution. He has conducted fieldwork among African Pygmies 
and applied molecular techniques for the analysis of genes and for the permanent stor
age of genetic material taken from aboriginal populations. 

distances. An example is furnished by a 
tree linking 15 populations that Antho
ny W. F. Edwards, now at Cambridge, 
and I published 27 years ago. The ge
nealogy derives from distances calculat
ed from genetic information then avail
able, according to Edwards's formula for 
the "minimum genetic path." Essential
ly, this concept describes the tree hav
ing the smallest total branch length. 
When the tree is projected onto a map 
of the world so that its branching points 
match the populations' current home
lands, the resulting pattern roughly co
incides with anthropological reconstruc
tions of ancient migrations [see top illus
tration on page 107]. 

Unfortunately, there is no strong evi
dence that the minimum genetic path 
provides the best way of fitting a tree 
to the data. Other tree-building meth
ods may be more satisfactory for relat
ing the length of branches to the pas
sage of time and finding a datable 
"root" for the tree [see bottom illustra
tion on page 107]. When pOSSible, a 
root relates the populations to an out
group-say, to chimpanzees, which are 
believed to have diverged from the line 
leading to humans between five and 
seven million years ago. If one assumes 
that the rate of evolutionary change is 
constant along all branches, one can 
equate their lengths to the time elapsed 
since they diverged. Such rooted trees 
may also be subject to biases, however, 
if some branches have undergone more 
rapid evolutionary change than others. 

Mathematical techniques of popula
tion genetics can minimize biases by 
accurately predicting rates of evolu
tion. The evolutionary model we used 
is the simplest. It predicts that the 
branches will evolve equally fast, pro
vided that drift has been the major 
cause of change and that the various 
populations have been the same size, 
on average. Independent evidence con
firms the former assumption; a judi
cious selection of populations makes 
the latter quite probable. Constant rates 
of evolution are likely when popula
tions are large and live in territories 
spanning continents and for periods 
stretching back to original settlement. 

With my colleagues Paolo Menozzi 
and Alberto Piazza of the universities 
of Parma and Turin, respectively, I 
designed a common analytical frame
work to study the history and geogra
phy of human genes. In a 12-year proj
ect we studied the body of genetic in
formation that has accumulated over 
the past 50 years-more than 100 dif
ferent inherited traits from about 3,000 
samples taken from 1,800 populations. 
Most samples included hundreds or 
thousands of individuals. This set of 
data, which we call the classical set, is 
derived indirectly from the proteins that 
the genes express. 

In addition, we recently developed an 
entirely new second set: molecular data 
studied directly in the coded sequenc
es of DNA carried in the cell nucleus. 
Most molecular data we used were gath-
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ered in a seven-year study undertak
en in a collaborative effort between my 
laboratory at Stanford University and 
that of Kenneth K. and Judith R. Kidd 
of the genetics department at Yale Uni
versity. Although such data are in many 
respects of higher quality than those 
based on gene products, so far they 
cover only one one-hundredth as many 
populations. In every comparison we 
have made thus far, however, the mo
lecular data agree excellently with the 
classical data. 

O ur first result supports a con
clusion that has emerged from 
studies of human physical and 

cultural remains: an African origin of 
our species. We found that the genetic 
distances between Africans and non
Africans exceed those found in other 
intercontinental comparisons. This re
sult is exactly what one would expect if 
the African separation was the first 
and oldest in the human family tree. 

The genetic distance between Afri
cans and non-Africans is roughly twice 
that between Australians and Asians, 
and the latter is more than twice that 
between Europeans and Asians. The cor
responding times of separation sug
gested by paleoanthropology are in sim
ilar ratios: 100,000 years for the separa
tion between Africans and Asians, about 
50,000 years for that between Asians 
and Australians, and 35,000 to 40,000 
years for that between Asians and Euro
peans. In these cases, at least, our dis
tances serve as a fair clock . 

A different and quite elegant clock , 
it turns out, had been devised by oth
er workers studying a kind of genetic 
data that differed fundamentally from 
our own. Their most interesting find
ings became available to us only when 
our analysis was nearing completion, 
but they confirmed our findings in all 
essential points. The set covers the rel
atively small number of genes encoded 
in the DNA of the mitochondria, cellu
lar organelles that metabolize energy. 
We at Stanford had also initially stud
ied such genes, but the late Allan C. 
Wilson and his colleagues at the Uni
versity of California at Berkeley devel
oped methodologies having higher res
olution. ( Here I can do but partial jus
tice to Wilson's many contributions to 
molecular evolution. He died of acute 
leukemia in July, at the age of 56.) 

Mitochondrial genes differ from those 
in the nucleus in fundamental ways. Nu
clear genes derive about equal contribu
tions from the father and the mother, 
but those in mitochondria are passed 
to offspring almost exclUSively by the 
mother. This simple mode of inheri
tance makes mitochondrial genes very 
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OF Rh-NEGATIVE INDIVIDUALS 

GENE MAP shows the Rh-negative factor to be most common among the Basques 
and less common further west. Such data suggest that the Basques preserve ves
tiges of an early European population that later mixed with newcomers from Asia. 

convenient for the estimation of genet
ic distances. They also have higher mu
tation rates than nuclear genes, so that 
one may in part alter the statistical de
termination of genetic distances, calcu
lating them not from the frequencies of 
genes but from mutations in the genes 
themselves. 

The mitochondrial clock is based on 
the number of mutations that have ac
cumulated rather than on the chang
es in gene frequencies. Whereas we hy
pothesized that our gene frequencies 
had drifted apart at constant rates, the 
Wilson group hypothesized that their 
mitochondrial genes had mutated at 
constant rates. Because of the nature of 
the data, it is easier to provide a root 
for a mitochondrial tree than for a nu
clear one. One need merely compare 
one's tree with an external group-the 
Wilson group used chimpanzees-that 
is known to have diverged at a given 
date or range of dates. 

From such distances, the Wilson 
group derived a tree of descent that 
showed more differentiation in Africa 
than anywhere else. That finding indi
cated that human mitochondrial DNA 
had been evolving for the longest time 
in Africa-that is, it can be traced to a 
single African woman. In addition, the 
workers were able to date the branch
ing points of the tree by comparing 
DNA from humans and chimpanzees, 
whose lineages were known to have di
verged about five million years ago. 
Their tree thus calibrated, the Wilson 

investigators were able to estimate the 
dates of its later branches. Most im
portant, they were able to estimate that 
the African woman had lived 150,000 
to 200,000 years ago. They have there
fore confirmed our conclusions by com
pletely independent means. 

Recently the workers have brought 
their estimated date forward somewhat, 
but their African woman still precedes 
the date we assign to the divergence of 
African and Asian populations. In fact, 
she should be more ancient: the two 
dates refer to different events-the birth 
of an individual woman and the split
ting apart of a population to which she 
belonged. The news media confused 
matters by giving wide circulation to 
the label "Eve" for this woman. In fact, 
we have no evidence that there ever 
was a time when only a single woman 
lived on the earth. Many other wom
en might have lived at the same time, 
but their mitochondrial lineages simply 
went extinct. 

Some of these conclusions remain 
controversial. Although paleoanthro
pologists agree that the genus Homo 
originated in Africa about 2.5 million 
years ago and that fossil evidence of 
anatomically modern H. sapiens ap
pears only around 100,000 years ago, 
in Africa or near it, not all of them ac
cept the "out of Africa" theory. One 
group maintains that modern humans 
emerged at a much earlier time and 
in many Old World populations all at 
once [see "The Emergence of Modern 
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NUMBERS REFER TO ESTIMATED ANTIQUITY 
OF FIRST SETILEMENT, IN YEARS 

GENES AND STONES tell similar stories. The earliest genetic 
tree (red) is projected onto a map; the ends have been placed 
in current homelands (red dots). More recent genetic work im-

plies two routes of migration from Africa to Asia (yellow); de
tails of the routes are speculative. Archaeological estimates 
of first-settlement dates appear beside migration routes. 

Humans," by Christopher B. Stringer; 
SCIENTIFIC AMERICAN, December 1990]. 

Not only have we traced the earliest 
modern humans to Africa, we have also 
recovered evidence of a series of mi
gratory waves. This pattern tells much 
about the origin of existing popula
tions. Moreover, the interplay of our 
work with that of linguists and archae
ologists promises to uncover still more 
detailed information. 

In general, migratory processes re
flect changes that may be viewed at 
once as pressures and opportunities. 
At many times, humans and their ho
minid progenitors have been able to in
crease in numbers greatly and thus 
to expand geographically. Such demo-
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GENETIC DISTANCE 

graphic success must have stemmed in 
the main from cultural developments, 
which for the prehistoric period must 
be inferred from the archaeological 
record. This record-bones and stone 
implements, for the most part-shows 
that Africa was indeed the original 
homeland of hominids. From there, mi
grations must have proceeded from 
Africa to Asia via the isthmus of Suez 
and, later, from Asia to Europe. These 
regions were settled by hominids by 
perhaps a million years ago. 

The next stage is harder to recov
er because it depends on the time at 
which one imagines modern humans 
emerged from the hominid stock . In 
any case, it is clear that this emergence 
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had already occurred when humans ex
panded from Asia to the Americas-an 
event that had to await a time when the 
Bering Strait was dry and the climate 
mild enough to permit passage by land. 
The settlement of Australia and the Pa
cific islands must also have been ac
complished only recently, after the mas
tery of marine navigation. 

Australia appears to have been set
tled by migrants from Southeast Asia 
at least 40,000 years ago and perhaps 
10,000 to 20,000 years earlier than 
that. Archaeologists are divided, howev
er, on the first entry into the Americas. 
So far the first fully convincing signs of 
humans in Alaska are dated to about 
15,000 years ago. There seem to be ear-
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CHANGE OVER TIME produces genetic differentiation, such 
as that reflected in this ethnic family tree (left). Drift, the 
mechanism of change, can be modeled by computer (right). 

When two halves of a population are first separated, they car
ry a gene at equal frequencies, but time and chance can even
tually push them in opposite directions. 
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lier dates for sites in South America. 
The estimates therefore range from 
15,000 to 35,000 years ago. Our nucle
ar genetic data suggest the settlement 
began around 30,000 years ago. 

Correlation of Peoples and Lan�ages 

GENETICS 

Europe has been swept by many mi
gratory waves, but vestiges of the earli
est settlement remain. A key to the puz
zle was suggested in 1954 by Arthur E .  
Mourant, then at the Medical Research 
Council Population Genetics Laborato
ry in London, one of the first students 
of "gene geography." He hypothesized 
that the Basques (a population in north
ern Spain and southwestern France) 
were the oldest inhabitants of Europe 
and that they had conserved some of 
the pristine genetic constitution despite 
contacts with later immigrants. The the
ory is supported by data on the Rh-neg
ative gene: the Basques have a higher 
frequency for the gene than any other 
population in the world. Work on many 
other genes confirms the hypothesis, 
as do studies of the profound linguis
tic differences between the Basque lan
guage and those of neighboring peoples. 

-----------------------------��-----------------------------, /' , 

Indeed, a recent analysis of how 
genes vary from one part of Europe to 
the next suggested a model of how all 
of Europe was settled. This model holds 
that early Neolithic farmers brought 
their genes, culture and Indo-Europe
an languages from the Middle East to 
Europe in a process of slow expansion 
[see "The Origins of Indo-European 
Languages," by Colin Renfrew; SCIEN
TITlC AMERICAN, October 1989l. Because 
the Basques' forebears lived at the far 
end of that migratory path, they pre
sumably underwent the least genetic 
admixture with the farmers. 

It should be noted that one can 
only hope to recover a pattern of set
tlement that reflects successful migra
tions. There might have been failures, 
too. In the Americas, to take a very re
cent example, the Vikings established 
short-lived settlements, but the genetic 
contribution they might have made to 
the local gene pool is unknown. 

O ur third major finding was that 
the distribution of genes corre
lates surprisingly well with that 

of languages. We concluded that, in cer
tain cases, a language or family of lan
guages can serve to identify a genetic 
population. A striking example is pro
vided by the nearly 400 languages in 
the Bantu family of central and south
ern Africa, which are related to one 
another and correspond closely to trib
al boundaries and the genetic affilia
tions among tribes. The reason this 
should be so had been advanced on lin
guistic grounds in the 1950s by Joseph 
H. Greenberg of Stanford. 
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Greenberg's hypothesis, which has 
since won wide support, was that the 
Bantu tongues are descended from one 
tongue or a handful of closely related 
dialects spoken by early farmers in 
eastern Nigeria and Cameroon. As the 
farmers expanded into central and 
southern Africa beginning at least 3,000 
years ago, their languages diverged but 
not so much as to obscure their com
mon origin. Because the explanation 
applies to the genes of these popula
tions, Bantu-originally a linguistic cat
egory-can now be extended to desig
nate a group of populations having 
both a linguistic and a genetic basis. 

In 1988 my colleagues and I pub
lished a genetic tree of evolutionary ori
gins of 42 world populations, together 
with their respective linguistic affilia
tions. The tree demonstrates that the 
genetic clustering of world populations 
closely matches that of languages. With 
very few exceptions, the linguistic fam
ilies seem to have a relatively recent 
origin in our genetic tree. Moreover, re
cent attempts by two groups of lin
guists to generate higher linguistic cat
egories ("superfamilies") gave results 
that were also in line with the totally 
independent genetic evidence. It was 
exciting to discover that we had con
firmed a conjecture made by no less a 
pioneer than Charles Darwin, who stat
ed, in chapter 14 of On the Origin of 
Species by Means of Natural Selection, 
that if the tree of genetic evolution were 
known, it would enable scholars to pre
dict that of linguistic evolution. 

Why should genetic and linguistic evo
lution correspond so closely? The an
swer lies not in genetic determinism but 
in history: genes do not control lan
guage; rather the circumstances of birth 
determine the languages to which one 
is exposed. Linguistic differences may 
generate or reinforce genetic barriers 
between populations, but they are un
likely to be the leading cause of the cor
relation. Human evolution is punctuat
ed by the splitting of populations into 
parts, some of which settle elsewhere. 
Each fragment evolves linguistic and 
genetic patterns that bear the marks of 
shared branching points. Hence, some 
correlation is inevitable. 

One may object that complete sepa
rations, such as those established when 
a splinter group migrates to a new con
tinent, must be rare. But one does not 
need oceans or mountain ranges to 
separate populations: simple distance 
will do the job, as genetic studies in 
many species prove. Because migratory 
interchange is normally greater at short 
distances, one expects and finds a high
er degree of genetic difference the far
ther apart two subgroups are placed. It 
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is just the same for languages. When 
there are no special barriers, both ge
netic and linguistic variations tend to 
be continuous, and discontinuity tends 
to appear in both when there are some 
barriers to free intermigration. 

Two kinds of exceptions should be 
noted to our rule of the correspon
dence between genes and languages: 
those in which there is a replacement 
of language and those in which there is 
a replacement of genes. The former oc
curs when people give up their ances
tral language for a new one, perhaps 
that of immigrants, conquerors or 
a newly risen cultural elite. Such 
replacements do not always occur, 
however, and they are less likely 
when the new language derives 
from a different family. Basque is 
an extreme case of a relic lan
guage that has evidently survived 
through thousands of years of 
continuous linguistic turnover in 
neighboring regions. 

hair and skin, which vary from extreme 
light to dark . A situa1:ion not unlike that 
of Lapps applies for Ethiopians, a genet
ic mixture of Africans and Caucasoids 
from Arabia, with a predominance of 
the former. 

Even a modest trickle of genes can 
produce great effects if it continues long 
enough. A classic example is that of Af
rican Americans, who today derive on 
average 30 percent of their gene pool 
from people of European ancestry. This 
is the mixture that would have resulted 
had 5 percent of all black unions been 

relation of genes and culture must be 
sought in the two mechanisms of trans
mission: horizontal and vertical: Genes, 
always transmitted from parents to chil
dren, describe a vertical path through 
the generations. Culture can also pass 
vertically from generation to genera
tion, but unlike genes, it can also be 
transmitted horizontally, between un
related individuals. High fashion, for 
example, is generally transmitted from 
Paris to the rest of the world every sea
son (although Italy now appears to be 
taking the lead). In the modern world 

horizontal transmission is becom
ing increasingly important. But 
traditional societies are so called 
precisely because they retain their 
cultures-and usually their lan
guages-from one generation to 
the next. Their predominantly ver
tical transmission of culture most 
probably makes them much more 
conservative. 

Gene replacement, usually par
tial, occurs when one population 
mixes with another. The mixing 
can be perfectly gradual, affecting 
the relative frequency of all genes 
in like proportion. This gradualism 
sharply distinguishes genes from 
languages, which in principle are 
either replaced or not. A language 
retains its ancestral integrity even 
if it adopts vast numbers of words 
from another linguistic family or 
subfamily. Linguists agree, for ex
ample, that English remains a 
member of the Germanic subfam-

GENETIC SAMPLE is taken from a member of the 
Aka tribe of African Pygmies by the author. 

Gene and language replace
ments are more than annoying ex
ceptions to our rule. Each excep
tion operates according to rules 
of its own, which should explain 
much about the evolution of popu
lations and languages and hence 
of the development of human cul
ture. Studies of such replacements 
could thus complement the work 
we have done. Anthropological 
fieldwork must catch up with such 
tools and with the rapidly vanish
ing data. Priceless evidence is slip-
ping through our fingers as aborig
inal populations lose their identity. 

ily despite its borrowings from the 
French, the Greek and the Latin. What 
matters is that the structure and basic 
vocabulary retain family traits. 

This difference means that when a 
tiny minority imposes its language on a 
conquered majority, language replace
ment is close to complete, but gene re
placement is in proportion to the demo
graphic ratio. Hungarians, for example, 
speak a language from the Urals (which 
divide Europe from Asia) imposed by 
the Magyar conquerors of the Middle 
Ages but carry a European genetic pat
tern. Only with some difficulty can one 
detect any traces of the Magyar genes 
in the modern population. 

Large-scale gene replacement is per
haps rarer. But at least one likely exam
ple can be seen in our pair of comple
mentary trees: the Lapps, or Saame, of 
northern Scandinavia. Their language 
also belongs to the Uralic family, but 
their genetic pattern suggests a mixture 
between Mongoloid peoples of Siberia 
and Scandinavians, who are responsible 
for the majority of their genes. Genetic 
admixture is evident also in the Lapps' 

with Europeans in each generation since 
the institution of American slavery and 
had all the progeny been classified as 
black . Another 1,000 years of such flow 
would leave but little of the original Af
rican genome. 

I t is perhaps surprising that so much 
of the expected correlation between 
languages and genes remains, de

spite the blurring caused by gene or 
language replacements. In part, this 
may reflect our concentration on aborig
inal populations. In any case, other anal
yses now confirm the existence of this 
correlation at a microgeographic level, 
sometimes in a dramatic way. Perhaps 
the most striking example is furnished 
by the close agreement between our 
analysis. of genetic patterns in Native 
Americans and Greenberg's recent clas
sification of New World languages into 
three major families. The two studies 
proceeded independently, using quite 
different kinds of data, yet each strong
ly implies that there were a handful of 
discrete migrations into the Americas. 

The ultimate explanation of this cor-
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Growing interest in the Human Genome 
Project may, however, stimulate work
ers to gather evidence of human genet
ic diversity before it disappears. 
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A new generation of telescopes that 
embrace huge light-collecting mirrors 

and cunning optical technology promises 
a tremendous leap in astronomers' 

ability to explore the universe. 

T
he engineers working inside the dome of the Keck Tele
scope on August 8 were barely aware that Hurricane 
Fefa was bearing down on the instrument's 4,200-me

ter-high perch atop Mauna Kea. Their attention was concen
trated instead on a hexagonal mirror that was being carefully 
lowered into position and precisely aligned with nine other 
mirror segments already in place. 

Although nobody applauded, that lOth mirror represented a 
milestone: the Keck Telescope had just surpassed the light
gathering area of the famous Hale Telescope on Mount Pal
omar in California. When the 36th and final segment is in
stalled early in 1992, the Keck's completed mirror will stretch 
10 meters across, making it by far the largest telescope in the 
world-for a time. 

The Keck is only the first of a family of optical behemoths 
built around radically new mirror designs that will dwarf the 
venerable Hale. Astronomers have built a procession of ever 
larger instruments since Galileo turned his crude spyglass 
skyward in 1610, but the Hale seemed to mark the pinnacle 
of telescope engineering when it was completed in 1947. Its 
five-meter mirror weighed 20 tons and required more than a 
year to cool before it could be ground. Grinding, interrupted 
by World War II, eventually required 11 years to complete. 

The very magnitude of that effort cast doubt on the notion 
of building instruments significantly larger than the Hale. 
Doubling the dimensions of the Hale mirror would make it 
eight times as heavy and therefore prone to sagging. The tele
scope mount and observatory dome also would have to be 
much larger, more complex and therefore very costly. More
over, atmospheric turbulence in and above the observatory 
dome can negate the better resolution that should theoreti
cally accompany a larger telescope. 

Yet astronomers have continued to raise increasingly pro
vocative questions that can be answered only by pushing the 
technology of their telescopes. They hunger for more light so 
they can study distant and faint objects that may hold the 
clues to such grand mysteries as the origin (and ultimate fate) 
of the universe or that may reveal how galaxies like our own 
Milky Way formed. Some of the most fascinating objects in 
the cosmos-from energetic quasars and disrupted galaxies 
to stars in the process of being born and possible planets 
around distant suns-remain enigmatic simply because they 
cannot be observed with sufficient clarity. Or, as John Kor-

MIRROR SEGMENTS in the Keck Telescope are anchored to a motorized support struc
ture and aligned with one another to within one ten-millionth of a meter_ A full comple
ment of 36 mirror segments will make the Keck the world's largest optical telescope_ 
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KECK TELESCOPE uses a segmented-mirror design proposed 
by project scientist Jerry Nelson (left)- In 1987 workers be-

gan assembling the telescope's dome. Two years later they 
installed the telescope structure; in October 1990 the first 

mendy of Dominion Astrophysical Ob
servatory in British Columbia puts it, 
"the science gets better very rapidly as 
the seeing gets better." 

An obvious way to get a clearer view 
of the cosmos is to place a telescope 
in space, above the earth's obscuring 
atmosphere. But the orbiting Hubble 
Space Telescope has failed to live up to 
expectations. And in the past few years, 
telescope makers discovered ways to 
overcome many of the limitations of 
previous earthbound instruments. 

Recent breakthroughs in casting tech
niques permit opticians to fabricate 
huge mirrors that are relatively light
weight and inexpensive. Simultaneous 
advances in grinding technology make 
it possible to form these mirrors into 
an extremely high curvature. The steep, 
almost cereal bowl-shaped surfaces 
of these mirrors reflect the light to a 

focus very close to the mirror. Such 
so-called fast mirrors have a great ad
vantage: they permit the construction 
of extremely stubby telescopes and far 
smaller (and hence less expensive and 
more stable) observatory structures. 

A technique called adaptive optics 
promises unprecedentedly sharp views 
even from telescopes that are modest 
(one to four meters in size). In this ap
proach, a computer-controlled correct
ing mirror precisely distorts its surface 
so as to cancel out distortion caused 
by the turbulent atmosphere. "Ground
based astronomy is getting more like 
space astronomy," reflects Alan N. 
Stockton of the University of Hawaii's 
Institute for Astronomy. "There are very 
complex systems in which everything 
must work perfectly or the whole tele
scope fails." 

Jerry E .  Nelson of the University of 

California at Berkeley, the project sci
entist for the Keck Telescope, realized 
that one way to circumvent the difficul
ties of casting and grinding a single 
huge mirror is to build it out of small
er pieces. The Keck Telescope will ul
timately equal the area of a single 10-
meter mirror. The benefits of segment
ed mirrors are plain to see: the Keck's 
mirrors are only 7.5 centimeters thick , 
yet each is small enough so that it re
mains rigid and does not sag. 

In choosing a segmented-mirror de
sign, Nelson uncorked a few touchy 
technical challenges. Each Keck mirror is 
only one element of the overall reflect
ing surface, and so it must be ground 
to a very specific, complex shape. After 
considerable experimentation, Nelson's 
team discovered it could attain the de
sired curvature by bending each seg
ment in just the right way during the 

OPTICAL TELESCOPE DESIGN has evolved quite slowly. The 
benchmark five-meter Hale Telescope (left) was completed in 
1947_ It was surpassed in 1976 by the Soviet six-meter tele
scope (center), which uses a clever, simplified mount design 

but otherwise has proved disappointing_ In 1979 the Multi
ple Mirror Telescope (right) broke with tradition by using 
several mirrors to form a single image, thereby helping to 
pave the way for Keck's segmented-mirror design. 
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mirror segments were put in place. A series of test images 
produced at the end of 1990, including this view of the spiral 

galaxy NGC 1232 (right), demonstrated that the Keck's intri
cate mirror-alignment system operates as intended. 

grinding process, then allowing it to 
spring back , whereupon it would as
sume the desired form. 

The Keck Telescope's 36 mirrors also 
must remain precisely aligned as the 
telescope turns and as the temperature 
varies. An intricate network of pressure 
sensors located beneath each mirror 
segment detects the exact position of 
that segment and relays the informa
tion to a central computer. Twice each 
second the computer sends commands 
to an array of motorized actuators that 
maintain the correct position of the 
mirror segments. 

Many scientists and engineers won
dered whether this approach would 
work. At "first light" in December 1990, 
with only nine segments in place, the 
Keck Telescope erased such doubts by 
making a series of commendably clear 
test images of nearby galaxies. Those 
results also impressed the W. M. Keck 
Foundation, which had funded $70 mil
lion of the $94.2-million cost of the tele
scope. This past April the foundation, 
which administers the fortune of Wil
liam M. Keck , the founder of the Supe
rior Oil Company, announced it would 
grant up to $74.6 million for the con
struction of a second, identical tele
scope (now known as Keck II ) a short 
distance away. Keck II is scheduled for 
completion in 1996. 

Despite the quality of its early imag
es, the Keck Telescope's importance for 
astronomy will rest more on its light
gathering ability than on its fine reso
lution. Lennox L. Cowie, a cosmologist 
at the Institute for Astronomy, affec
tionately describes the instrument as a 
"light bucket," a giant collector of pho
tons from extremely faint objects. This 
will make it ideal for spectroscopy, 
which requires more light than imaging 
does. Spectroscopy is one of astrono
my's most potent tools because it re
veals information about the composi
tion, motion and physical state of dis
tant cosmic bodies. Indeed, when the 

Keck begins its scientific work next year, 
two of the three detectors attached to 
it will be spectrometers. 

The Keck Telescope's innovative seg
mented-mirror design does not spell the 
end of large, single mirrors, however. 
The Keck drew on lessons learned in 
the building and operation of the Multi
ple Mirror Telescope (MMT) at the Stew
ard Observatory in Arizona. The MMT 
consists of six l.8-meter mirrors, equiv
alent in area to a single 4.5-meter light 
collector. IrOnically, just as the Keck is 
proving the validity of the multiple-mir
ror concept, Steward is readying plans 
to replace the MMT'S six reflectors with 
a large one-piece mirror that exploits 
an equally radical approach. 

Frederic H. Chaffee, Jr., the director 
of the MMT, explains that the prolifera
tion of very large telescopes meant that 
a 4.5-meter collecting area "wouldn't be 
terribly competitive by the end of the 
century." But at the same time, finan
cial constraints would not permit the 
construction of an entirely new tele
scope. So Chaffee turned to J. Roger P. 
Angel, his neighbor at Steward Obser
vatory Mirror Laboratory at the Univer
sity of Arizona, for a larger mirror. 

Solid Alternatives 

Angel's mirrors are made using a nov
el technique called spin casting. In the 
past, opticians created large, flat disks 
of glass and then ground them to the 
proper shape. At Steward, molten glass 
is poured into a circular mold inside 
a large, spinning oven. The centrifugal 
forces maintain a curved surface as the 
glass cools. Even though the curvature 
of the resulting blank is not precise
ly right for a reflecting telescope, spin 
casting drastically reduces the amount 
of grinding that must be performed. In
novative, computer-controlled polish
ing machines at Steward then create 
the steeply sloped surface shape need
ed for an extremely fast mirror. 

The mirrors made at Steward use 
a honeycomb construction to reduce 
enormously the weight of the mirror 
while preserving its rigidity. In essence, 
a thin, curved sliver of glass sits atop a 
lightweight honeycomb glass base. En
gineers used similar tricks when casting 
the five-meter Hale Telescope mirror, 
but Angel has pushed the technique 
much further, so that his mirrors are 
roughly three fourths air. 

Although spin casting has received 
quite a bit of publiCity, some scientists 
and engineers associated with other 
projects grumble that it has not yet 
been proved for extremely large mir
rors. A persistent rumor has it that the 
honeycomb casting technique creates a 
kind of "quilting pattern" on the sur
face of the mirror that cannot be pol
ished away. Angel simply laughs when 
asked about such problems. "Things 
are going very well. We're going from 
strength to strength," he chimes. 

So far Steward has produced honey
comb mirrors up to 3.5 meters wide. In 
January 1992 Angel plans to cast the 
first of the laboratory's very large mir
rors, a 6.5-meter disk for the MMT. Next 
the lab will begin work on a series 
of eight-meter mirrors for some mam
moth telescope projects that are still on 
the drawing board. Depending on how 
the telescope technology race shapes 
up, these eight-meter reflectors may 
be, for a short time, the largest single
piece mirrors in the world. 

Otherwise the victory laurels may be
long to Schott Glassworks or to Corn
ing Glass. These optics firms are pursu
ing a third major type of mirror deSign, 
the thin meniscus (constant thickness) 
mirror. Like Angel's mirrors, these will 
be spin cast. The thin meniscus mir
rors, however, will not be supported by 
a honeycomb. They therefore will be far 
too frail to maintain their proper shape 
without some mechanical assistance. 
Instead they will rely on computer-con
trolled actuators, much like those that 
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align the Keck mirrors, to flex the glass 
surface to the correct curvature. 

At least two groups are develop
ing giant telescopes that will incorpo
rate thin meniscus mirrors. The Europe
an Southern Observatory (ESO) has be
gun building the Very Large Telescope 
(VLT), a $225-million array of four 8.2-
meter telescopes and eight one-meter 
ones on Cerro Paranal in Chile. Each 8.2-
meter mirror will be a scant 17.5 cen
timeters thick . Meanwhile the Japanese 
government has pledged $300 million 
to construct the 7.5-meter Japanese Na
tional Large Telescope on Mauna Kea. 

The ESO's New Technology Telescope 
(NTT), a 3.6-meter device at La Silla Ob-

servatory in Chile, has already demon
strated the promise of thin meniscus 
mirrors. The 24-centimeter-thick NTT 
mirror is suffiCiently flexible that engi
neers can slightly alter its shape using 
a network of 75 motorized controllers. 
When the telescope began operation in 
1989, the mirror suffered from a defor
mation similar to the one still plaguing 
the Hubble Space Telescope. In the case 
of the NTT, however, engineers could 
twiddle the controls to bend the mir
ror to its correct shape. The telescope 
now produces images of superb quali
ty, sometimes attaining resolution as 
fine as one third of an arc second. (One 
arc second is 1/3,600 of a degree; the 

disk of the full moon extends about 
1,800 arc seconds across.) 

Like Nelson and Angel, Massinio Tar
enghi, the program scientist for the VLT, 
exudes confidence. "One-piece mirrors 
are necessary to achieve the highest res
olution. That's not a dig at Keck , but 
a segmented mirror loses resolution," 
he maintains. Tarenghi raves that the 
VLT'S active control system should also 
be able to compensate for some of the 
thermal effects that plague many tele
scopes. Angel, whose mirrors do not 
permit such adjustments, understand
ably takes the opposite point of view. 
"The goal of astronomers has always 
been rigid mirrors. Now the engineers 

New Ways to Gather Starlight 
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SEGMENTED MIRRORS incorporate many 
small, thin mirrors that are easier to build 
and to support than a single large mirror. 
Motorized controllers keep the segments 
aligned so that they form a single image. 

-Keck I and Keck " telescopes, 10-
meter equivalents (California Institute of 
Technology, University of California and 
National Aeronautics and Space 
Administration) 
-Spectroscopic Survey Telescope, 
8-meter equivalent (Pennsylvania State 
University, University of Texas) 
-German Large Telescope (proposed), 
12-meter equivalent (German government) 

MENISCUS MIRRORS are solid but too 
thin to support their own weight. Mechan
ical actuators adjust the mirrors so that 
they are always bent to the correct shape. 

-Very Large Telescope, four 8.2-meter 
mirrors (European Southern ObseNatory) 
-Japanese National Large Telescope, 
7.S-meter mirror Uapanese government) 

HONEYCOMB MIRRORS consist of a thin 
reflective surface atop a glass honeycomb 
structure. These mirrors are stiff but very 
light because most of their volume is air. 

-Multiple Mirror Telescope conversion, 
6.S-meter mirror (University of Arizona) 
-Columbus Project (proposed), two 8.4-
meter mirrors (Ohio State University, 
University of Arizona, Italian government) 
-Magellan Project (proposed), 8-meter 
mirror (Carnegie Institution, Johns Hopkins 
Unive�niversity of Arizona) 
-NatIonal Optical Astronomy Obser
vatory telescopes (proposed), two 8-meter 
telescopes at separate sites (U.S., U.K., 
Canadian governments) 
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HONEYCOMB MIRRORS designed by Roger Angel of the Steward Observatory Mir
ror Laboratory offer one way of making reflectors that are large and rigid yet rela
tively lightweight_ The mirrors are cast in a spinning oven that imparts a curved 
surface to the glass while it is molten, thereby simplifying the grinding process. 

say that a flexible, distorting mirror is 
good. The logic just escapes me," he 
says bemusedly. 

Most astronomers are content to sit 
out the technical debates and wait for 
the actual results. "With enough effort, 
I'm sure they'll all work," says Charles 
H. Townes of the University of Califor
nia at Berkeley, a doyen of high-reso
lution astronomy. "It just remains to 
be seen which one works best." In fact, 
the most revolutionary development in 
optical astronomy lies not in the mir
rors themselves but in new ways to ma
nipulate the images they collect. 

Fighting the Air 

All telescopes, no matter how well 
designed, face a common enemy: the 
earth's turbulent atmosphere. Even at 
the best sites, atmospheric distortion 
prevents astronomers from observing 
details less than about one half of an 
arc second across, no matter how large 
their instrument. A properly designed 
telescope focuses all the light rays from 
a distant star to a single point. 

Fortunately for poets but unfortu
nately for astronomers, air has the abil
ity to bend light, causing stars to twin
kle. Turbulence in the atmosphere acts 
like a series of tiny lenses placed in 
front of the telescope, causing a single 
star to come into focus in many plac
es simultaneously. As the atmosphere 
continuously shifts, these points dance 
around, producing a blurry image. In 
principle, a flexible reflector incorpo
rated within a telescope could be de
liberately bent and deformed in a way 
that would exactly cancel out atmo
spheric effects. 

That idea, called adaptive optics, 
dates back at least to 1953, when Ho-

race W. Babcock , now at the Observato
ries of the Carnegie Institution of Wash
ington, first proposed the scheme for 
outwitting atmospheric blurring. In the 
past few years, advances in atmospher
ic physics, mirror design and computer 
power have at long last brought adap
tive optics to the threshold of reality. 
The technique holds the prospect of al
lowing earth-based telescopes to view 
some objects as if from the crystal clar
ity of outer space. 

In the early 1980s astronomers began 
working on rudimentary adaptive op
tiC(; systems to correct for image mo
tion, the simplest kind of atmospheric 
distortion. Rene Racine of the Univer
sity of Montreal has recently developed 
a relatively simple adaptive optics sys
tem along these lines, known as the 
high-resolution camera, or (as the as
tronomers prefer) HRCam. The device 
incorporates a detector that measures 
how Significantly starlight has been bent 
by the atmosphere, along with a mirror 
that tips and tilts to compensate for the 
largest image motions and distortions. 

Two years ago Racine installed HR
Cam on the 3.6-meter Canada-France
Hawaii Telescope on Mauna Kea for 
a series of optical experiments. The 
resulting improvements in resolution 
were so dramatic that researchers at 
Mauna Kea quickly clamored to use it 
for regular observations. Other proto
type devices-most notably an infra
red adaptive optics system developed 
by the ESO-are now in use elsewhere, 
but "HRCam is probably the only real 
adaptive optics system doing routine 
SCience," says Robert D. McClure of Do
minion Astrophysical Observatory. 

McClure has used the Canada-France
Hawaii Telescope to search for a class 
of stars known as. Cepheid variables. 
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Cepheids serve as celestial yardsticks 
because their period of variation reveals 
their absolute luminosity and hence 
their true distance. In·this way, McClure 
and his co-worker John Tonry, along 
with Racine and Michael Pierce of Kitt 
Peak National Observatory, hope to de
termine an accurate distance to the Vir
go Cluster, a rich galaxy cluster some 
50 to 75 million light-years distant. 

Finding the distance to the Virgo Clus
ter is one of the central problems of 
current cosmology. Knowing that dis
tance will enable researchers to deter
mine how fast the universe is expand
ing and thus to calculate the age of the 
cosmos. Two recent test images taken 
using HRCam show the first Cepheids 
even seen in a Virgo Cluster galaxy. Mc
Clure hopes to conduct a full-scale in
vestigation next spring. 

HRCam is also proving a boon for 
Kormendy in his search for evidence 
of black holes in the centers of near
by galaxies. He estimates that HRCam 
improved the resolution of his imag
es from about 0.7 to 0.4 arc second, 
enough to have made "a very big differ
ence" in being able to detect the pres
ence of an extremely compact mass in 
galaxies millions of light-years away. 
Four of the 14 galaxies he examined, 
including the well-known Andromeda 
Galaxy (M31), do in fact show evidence 
of harboring massive black holes. 

One shortcoming of many experi
mental adaptive optics systems is that 
they need a fairly bright point source 
to use for calibration. Unfortunately, 
not every astronOmical object sits near 
a convenient bright reference star. Re
searchers are therefore hard at work 
trying to increase the sensitivity of their 
adaptive optics systems; the number of 
nearby stars that could serve as guides 
increases dramatically with increasing 
faintness. 

A group at the Institute for Astron
omy led by Franc;:ois Roddier is work
ing on an unconventional system that 
uses sensors placed above and below 
the focal point of the telescope's mir
ror. These sensors record the way the 
atmosphere has bent and distorted the 
incoming light. This method has the ad
vantage of needing very little light, and 
so it should work for fairly faint objects. 
A computer program translates the data 
from the sensors into electrical impuls
es that cause a thin correcting mirror 
to bend and flex in an exactly compen
sating manner. 

Roddier's relatively uncomplicated 
system does not attempt to negate all 
atmospheric distortion, only enough so 
astronomers can clearly distinguish the 
true centers of stellar images. It also will 
probably work only at infrared wave-

© 1991 SCIENTIFIC AMERICAN, INC



( 

KEEPING YOU CURRENT 

IN TODA Y'S CHANGING WORLD 

The Eagerly Awaited Revision 
of a Grou�dbreaking Book 

MOLECULAR CELL BIOLOGY 
Second Edition 

James Darnell, Harvey Lodish, and David Baltimore 
A Scientific American Book 

The most authoritative, comprehensive guide to the molecular 

biology of the cell, MOLECULAR CELL BIOLOGY is the only 

book to fully present modern techniques and findings and tie 
these developments to basic principles. 

Thoroughly updated to cover the latest advances and fully revised for 
greater accessibility and convenience, MOLECULAR CELL BIOLOGY is an ideal 

reference. The Second Edition features a brand new full color art program that 
adds a wealth of visual detail. Don't miss it! 

Order your copy today and save 200/0! 
1105 pages, 1095 illustrations, hardbound. 

Your satisfaction matters! 

BIOCHEMISTRY, Third Edition 
lubert Stryer 

"Destined to remain one of the 'bibles' of our subject 

for many years to come."-Trends in Biochemical Sciences 

Return any book in good condition 
within 15 days'of receipt and we'll 

send you a prompt refund. 

The world's leading biochemistry book is an 
indispensable desk reference for anyone in the 

biochemical sciences. 

1988, 1098 pages, 1476 illustrations, hardbound 

AN INTRODUCTION TO 
GENETIC ANALYSIS 
Fourth Edition 
David T. Suzuki, Anthony J. F. Griffiths, 
Jeffrey H. Miller, and Richard C. lewontin 

This profusely illustrated book is an accessible intro

duction to the principles, methods, and findings of 

genetic analysis. Including all recent advances, it pre
sents balanced coverage of classical and modern genetics. 

1989,768 pages, 831 illustrations, hardbound 

I. 
W. H. Freeman and Company 

The book publishing arm of SclentHie American 

To order, mail this coupon or a copy to: 
W. H. Freeman and Company 
4419 West 1980 South 
Salt Lake City, UT 84104 

o I enclose my check or money 

order made payable to W. H. 
Freeman and Company. 

o Please use my: DVisaDMasterCard 

Exp. Date ________ _ 

Account # ________ _ 

Signature---""",.,..-:-c"7":="""-"""""""":-:-:;;_ 
( Credit card orders must be signed ) 

Name ___________ _ 

Address __________ _ 

City I State I Zip ________ _ 

Title Author ISBN Price Total 

Molecular Cell Darnell et al. 
1981·1 $43.99' 

Biology, 2/e 

Biochemistry,3/e Stryer 1843·X $54.95 

Intro to Genetic Suzuki et al 
1956·8 $45.95 

Analysis, 4/e 

Subtotal 
(Add $1.95 for shipping & handling of first 

book, $1.25 for each additional book.) 
Sales Tax (NY, CA, UT) 

TOTAL 

• Darnell, et al. regular price $54.95. 

# For Canadian residents add $2.25 for postage and handling. 
$1.50 each additional book. Please allow four weeks for 
delivery. All orders should be prepaid in US dollars. 

4906 

© 1991 SCIENTIFIC AMERICAN, INC



How Adaptive Optics Works 

I
n principle, large telescopes can form sharper images than can small 
telescopes. In practice, however, the earth's atmosphere bends starlight 

on its way to the ground (left), limiting even the largest telescopes to a 
resolution of about 0.5 arc second, more than 10 times the theoretical 
limit. Sharper images not only show more detail, they also allow a tele
scope to detect fainter objects by squeezing the light into a smaller area. 

Adaptive optics systems can negate atmospheric blurring, thereby per
mitting large telescopes to live up to their full potential. Adaptive devices 
incorporate sensors that measure the atmospheric distortion and a de
formable mirror that bends in a way that cancels that distortion. The sen
sors generally require a lot of light to produce accurate corrections. 

The most precise systems will use powerful lasers to project artificial 
stars onto the sky very near the target. In this way, it will be possible to 
ensure that there is always a sufficiently bright reference source present. 
When the deformable mirror corrects the artificial star, it also corrects the 
image of the nearby astronomical target. A detector then collects the im
ages and separates the real object from the artificial star (right). 

120 SCIENTIFIC AMERICAN November 1991 

lengths, where images blur consider
ably less than they do in visiblE:' light. 
In return, this approach is inexpensive 
and astonishingly compact. A test set
up, cobbled together out of spare lens
es, a temporary mirror and a roughly 
wired-in computer, sits on a table that 
would fit comfortably (if not beautiful
ly) in a dining room. 

The very Simplicity of Roddier's de
sign has engendered some skepticism. 
"Many people told us not to pursue this 
approach," says J Elon "Buzz" Graves 
of the Institute for Astronomy. Oth
ers still wonder just how useful such 
a simple system will be. Laird Thomp
son of the University of Illinois politely 
describes Roddier's system as "an evo
lutionary stage" in adaptive optics, one 
that will shortly be replaced by a more 
advanced technique that uses a laser
generated guide star. 

Using lasers to create an artificial star 
in order to calibrate an adaptive op
tics system avoids the otherwise inevi
table trade-off between sensitivity and 
resolution. "To clean up SCientifically, 
astronomers need a bright star close 
by the object they want to study," ex
plains Thompson, who has spent sever
al years working on a civilian laser-guid
ed system. A bright reference star pro
vides enough light to perform extremely 
thorough image corrections. This past 
May the concept was validated when the 
U.S. Department of Defense declassi
fied research from its decade-long ef
fort to develop laser-guided adaptive 
optics systems for the Strategic Defense 
Initiative (sm). For sm, the goal was 
to destroy an incoming missile using a 
high-powered laser. The problem of pre
venting the laser beam from dispers
ing before it reaches its target involves 
many of the same issues as does cor
recting for the way starlight twists and 
turns on its way to the ground. In the 
sm approach, a laser beam bounces off 
a layer of sodium atoms about 90 kilo
meters up in atmosphere, creating a 
pOintlike reference beacon. 

The sm laser-guided system can pro
duce far more sophisticated corrections 
than a simple device like HRCam, but at 
a price. "Too expensive for astronomy," 
says Graves, citing an oft-quoted cost 
of about $15 million. Thompson esti
mates that a version customized for 
visible-light astronomy could be built 
for "a few million dollars." 

But most work in adaptive optics is 
now being done at infrared wavelengths, 
where atmospheric distortion is much 
less pronounced. Edward Kibblewhite of 
the University of Chicago, who champi
ons the sm-derived work , thinks a com
mercial system that operates in the in
frared can be made for "a few hundred 
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thousand dollars"-a bargain compared 
with the cost of a new telescope. 

. Some astronomers believe the time 
for laser-guided adaptive optics still lies 
some distance in the future. Racine, for 
example, worries that "as it stands now, 
the sm system is not suitable for astron
omy," because light is scattered from 
the artificial star. Members of Roddier's 
group grumble that military adaptive 
optics is unnecessarily complicated for 
astronomical work . Yet early tests run 

by Robert Q. Fugate at the U. S. Air 
Force's Starfire Optical Range look 
promising. And even Racine is quick to 
note that "when it is available and op
timized, laser-guided adaptive optics 
will bring about a real revolution."  

Despite the tremendous promise, 
adaptive optics has limitations. The in
tricate optical systems used to correct 
the image tend to lose some of the 
light captured by the telescope. More
over, mating adaptive optics to the big
gest telescopes will not be easy. Large 
mirrors observe a wider swath of tur
bulent air and therefore require more 
complicated corrections to unscramble 
the starlight. The very fast, short-focal
length mirrors now in vogue complicate 
the job of sensing image distortions. 

Another restriction is the small field 
of view over which the corrections can 
be made. Here an unfortunate compro
mise emerges: the better the resolution, 
the smaller the area over which adap
tive optics works. The relatively simple 
HRCam can produce a corrected image 
that spans about two arc minutes (120 
arc seconds). Roddier's system, which 
also does not strive for the very high
est resolution, should be able to yield 
corrections over an area with a radius 
of 10 to 20 arc seconds, according to 
Daniel McKenna of the Institute of As
tronomy. But the very high resolution 
sm-derived systems will be able to pro
duce a clear, visible-light image only 
four or five arc seconds wide. 

The llitimate View 

The differences are significant be
cause many particularly interesting ob
jects (galaxies, structures around qua
sars and gas clouds where stars are be
ing born, to name but a few) extend 
several seconds to many minutes across. 
McClure, for example, remarks that his 
studies of the Virgo Cluster would not 
be possible using a tightly focused 
laser-guided system. In all likelihood, 
several different kinds of adaptive op
tics systems will be used depending on 
the site, telescope, type of observation 
desired and amount of money available. 

If adaptive optics seems like a dream 
come true, then another technique, 

Earthbound Telescopes Take on Hubble 

B
efore its much delayed launch 
in the spring of 1 990, the Hub
ble Space Telescope was regard

ed as the instrument that would revo
lutionize astronomy. From its vantage 
point above the earth's distorting at
mosphere, Hubble was expected to 
help astronomers solve some of the 
most tantalizing questions about the 
origin of galaxies and the age of the 
universe. 

Hubble did not work quite as 
planned, however. In addition to its 
well-known focusing problem, the 
telescope has been plagued by a se
ries of ailments. Thermal expansion 
of solar panels has produced a case 
of the jitters. The failure of two gyro
scopes threatens to disrupt the tele
scope's pointing system. Most recent
ly, a power supply to the Goddard 
High Resolution Spectrograph, the 
instrument least compromised by 
Hubble's faulty optics, began acting 
up. And now the burst of progress in 
ground-based telescopes is taking 
even more of the luster off Hubble's 
mission. 

Hubble's single greatest virtue was 
supposed to be the clarity of its im
ages. When it is working properly, 
Hubble should be able to resolve de
tails as small as 0.06 arc second, 
some 10 times better than was pos
sible from the earth's surface just a 
few years ago. 

But recent developments in adap
tive optics, which can correct for the 
blurring caused by the atmosphere, 
should soon make it possible to 
achieve resolution of about one tenth 
of an arc second from the ground. 
Moreover, Hubble's 2. 4-meter mirror 
is dwarfed by the new telescopic gi-

ants; the Keck, for example, will col
lect 17 times as much light as does 
Hubble. 

Still, astronomers are loath to write 
off the space telescope. Shrinivas R.  
Kulkarni of the California Institute of 
Technology points out that terrestrial 
telescopes using simple adaptive op
tics systems will experience a prob
lem similar to the one plaguing Hub
ble. Some uncorrected light mixes 
with the image, smearing out some 
of the fainter details. Hubble will 
receive a set of corrective lenses in 
1994 to fix its vision, but ground
based astronomers will have to wait 
for improvements in adaptive optics 
technology. Hubble also has another 
advantage: it will produce sharp im
ages across its entire field of view, 
not just in one corrected section. 

Finally, some unfortunate aspects 
of the atmosphere cannot be over
come by either adaptive optics or 
clever telescope design. Although 
pleasantly transparent to visible light, 
the earth's air strongly absorbs most 
ultraviolet rays; it also emits and ab
sorbs certain infrared wavelengths. 
No other instrument can rival Hub
ble's views at these wavelengths. 

On the other hand, Hubble cost 
roughly $ 1.5 billion, compared with 
about $ 100 million for Keck I and 
a few million dollars to develop 
and build an advanced, laser-guid
ed adaptive optics system. Given the 
competition for federal astronomy 
funding, it is no wonder that many 
researchers quietly agree with Laird 
Thompson of the University of Illi
nois when he muses that "with hind
sight, astronomers would not invest 
the money in Hubble." 

HUBBLE RESOLVED individual stars in the core of the globular cluster 
M15. But ground-based telescopes are catching up in clarity. 
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NEW TECHNOLOGY TELESCOPE in Chile (left) incorporates su
perb optics and a flexible primary mirror whose shape is ad
justable; the instrument sits in an octagonal "dome" specially 

designed to reduce atmospheric distortion. In its first year 
of operation, the telescope has produced some exceptionally 
fine images, such as this one of supernova 1987A (right). 

called optical interferometry, must be 
pie in the sky. Adaptive optics should 
soon yield images having a resolution 
of about one tenth of an arc second; 
experimental interferometry systems 
can already resolve stars only a few 
thousandths of an arc second apart. 
Interferometry, which has been exploit
ed by radio astronomers for years, in
volves combining images from two or 
more widely spaced telescopes. In this 
way, it is possible to simulate the re
solving power that would result from 
a single telescope as large as the dis
tance between the linked instruments 
[see "The Very-Long-Baseline Array," by 
Kenneth I .  Kellermann and A .  Richard 
Thompson; SCIENTIFIC AMERICAN, Jan
uary 19881. 

Interferometry requires that signals 
from the telescopes be combined in 
phase, that is, that the waves of the 
incoming radiation must all be care
fully aligned. Because of the extreme
ly short wavelength of light, optical in
terferometry requires that the positions 
of the various telescopes and the shape 
of the wave fronts must remain highly 
stable. (Green light, for example, has a 
wavelength of about 0.5 micron, or mil
lionths of a meter; radio waves, in com
parison, are millimeters to meters in 
length.) As with adaptive optics, opti
cal interferometry becomes particular
ly challenging for large telescopes be
cause they look through wide, variable 
patches of the atmosphere, making it 
exceedingly difficult to keep light strik-

LASER-GUIDED ADAPTIVE OPTICS demonstrates its capabilities in these test im
ages of a star in Ursa Major. Both views are from the same 1.5-meter telescope. The 
uncorrected image shows just a faint blur (left); the adaptive optics system yields 
a drastically improved image that clearly reveals the star to be double (right). 
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ing one part of the mirror in phase with 
that falling on another area. 

Despite these difficulties, groups at 
Mount Wilson Observatory in Califor
nia, the University of Wyoming at Lara
mie, the University of Cambridge and a 
handful of other locations are hard at 
work developing prototype optical in
terferometry systems. For the time be
ing, most of these devices use small 
telescopes; the Cambridge deSign, for 
example, will consist of four 50-cen
timeter telescopes spaced 100 meters 
apart. A related approach, being pur
sued by Gerry Neugebauer of the Hale 
Telescope, involves placing a mask over 
the telescope's large mirror. Holes in 
the mask simulate several small, close
ly spaced individual telescopes. 

Small telescopes can gather only mod
est amounts of light, so interferome
try will initially be limited to relative
ly bright objects. On the positive side, 
many enticing, fine details that astrono
mers would love to look at-the surface 
features of nearby stars, for example
occur on relatively bright objects. Neuge
bauer's group and a team from Cam
bridge working on the William Herschel 
Telescope in the Canary Islands have 
succeeded in producing crude maps of 
the surfaces of red giant stars. 

Furthermore, large-telescope optical 
interferometry may not be far off. When 
the Keck Foundation announced the 
planned construction of Keck II 85 me
ters away from the Keck I, one of its 
stated goals was optical interferometry. 
Nelson envisions starting with a sim
ple adaptive optics system to make the 
Keck's images sufficiently stable to per
mit interferometry. Eventually he hopes 
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CANADA-FRANCE-HAWAll TELESCOPE on Mauna Kea (left) 
has been the test-bed for a prototype adaptive optics system. 
The telescope can now capture images of individual variable 

stars in galaxies in the Virgo Cluster (right), a project intend
ed for the ill-fated space telescope. Studying these stars will 
help establish the true size and age of the universe. 

to switch to a more elaborate, laser
guided device and to add a set of four 
auxiliary telescopes. 

The ESO's Very Large Telescope pro
gram includes an even more ambitious 
interferometry program. The group of 
eight one-meter telescopes and the four 
8.2-meter behemoths will ultimately be 
combined to form a 190-meter-wide in
terferometric array. Jacques M. Beckers, 
who directs the interferometry program 
for the VLT, predicts wondrous results 
from this system: resolution of two 
thousandths of an arc second over a 
field of view of eight arc seconds (an as
tonishingly broad area for interferome
try). "Astronomers will be able to image 
the star Antares and take a good look at 
the disk around Beta Pictoris," he says, 
sounding somewhat giddy. "We're see
ing totally new optical astronomy ahead 
of us, with resolution and light gather
ing far beyond the Hubble." 

Beckers envisions that the VLT will 
produce its first interferometric results 
in 1997, a rather ambitious goal given 
that the first of the 8.2-meter instru
ments in the array will not be complet
ed until 1996. Nelson projects a similar 
timetable for the Keck I-Keck II system. 
Nevertheless, most astronomers would 
agree with Stockton when he says, "I've 
got a feeling that optical interferometry 
won't really be available for 10 to 15 
years." Peter J. Warner, part of the Cam
bridge interferometry group, questions 
the wisdom of attempting interferome
try on a large telescope this early in the 
game. "It will be fantastic if it works," 
he agrees, "but I would not want to be 
involved, because it will take a very 
long time." 

One way to reduce the difficulty of 
both adaptive optics and interferom
etry is to use longer wavelengths of 
light. As Angel puts it, "infrared doesn't 
notice the little wiggles in the atmo
sphere" as much as visible light does. 

Beyond light 

Seeing tends to be better in the infra
red, and so adaptive optics systems are 
much easier to design for these longer 
wavelengths. "There's no doubt that 
adaptive optics systems can be put on 
the large, eight- to 10-meter, telescopes 
at infrared wavelengths," Thompson 
claims, "but it is not clear how long it 
will take, or whether anyone will try, to 
do it in visible light." Infrared images 
taken at soine medium telescopes, such 
as the MMT, are already approaching 
the instruments' theoretical resolution 
limit, even without adaptive optics. 

Infrared observations are also of great 
interest because they offer a window 
on subtle, relatively cool astronomical 
objects, such as planets, brown dwarfs 
and newborn, dust-shrouded stars. Ra
diation from distant galaxies and qua
sars gets tremendously stretched and 
weakened by the expansion of the uni
verse. As a result, emissions that began 
as visible light reach the earth as long
er-wavelength infrared rays. "Near infra
red is the obvious place to do cosmol
ogy," comments Cowie, who recently 
found a mysterious class of faint galax
ies that shine most prominently in those 
wavelengths. 

More and more, optical astronomy 
is being done at infrared wavelengths. 
Optical telescopes can observe into the 

near infrared range with little modifica
tion, and the new-generation devices are 
being built with solid state infrared ob
servations in mind. High-resolution in
frared detectors, known as infrared ar
rays, are making it possible to produce 
more detailed images in infrared wave
lengths. "People here consider wave
lengths up to five microns as 'extended 
optical,' " reports Gerry Luppino of the 
lnstitute for Astronomy. 

Such changes in thinking represent 
the fruits of a centuries-long effort to 
bring the entire cosmos within the range 
of human perception. Giant telescopes 
and adaptive optics are merely the lat
est weapons in this audacious strug
gle. And some highly promising tech
niques, such as optical interferometry, 
have yet to show their full potential. "I 
don't know what the limits are," Beck
ers says. "There is no end in Sight." 
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SCIENCE AND BUSINESS 

Brain, Food 
Drugs based on neuropeptides 
may soon treat eating disorders 

T
he excess fat on some 40 mil
lion Americans is no longer dis
missed as physical evidence of 

someone who simply cannot say no to 
food. like ulcers and narcotics addic
tion before it, obesity is now being ex
amined as a treatable biochemical im
balance. More than appearance is at 
stake. The condition-body weight of 
20 percent or more above average-is a 
significant contributor to major illness
es, including cancer, diabetes, heart dis
ease and stroke. 

An effective treatment for obesity 
would improve health and life expectan
cy, reduce health care costs and likely 
earn its developer a fortune. To those 

. ends, major drugmakers, including Ab
bott, Eli lilly, Pfizer and Merck , along 
with biotechnology firms such as Inter
neuron Pharmaceuticals and academ
ic institutions around the world, are 

craving insight into what is becoming 
known as the nonsupply side of fat. 

These scientists are looking for ways 
to control appetite selectively without 
causing as many side effects as the 
stimulants now on the market. They 
are investigating long-acting proteins 
known as neuropeptides and short
lived neurotransmitters that are found 
in regions of the brain that affect mood 
and appetite as well as in the digestive 
tract. Some of the compounds stimu
late appetite for particular nutrients 
such as fat and carbohydrate; others 
suppress those urges to eat. 

The relationship of these compounds 
to physiology and behavior is com
pelling: studies show that obese people 
as well as anorexics and bulimics have 
disturbed levels of the neurochemical 
substances. As a result, drugmakers 
hope to treat obesity and other eating 
and body weight disorders with syn
thetic versions of these natural com
pounds or with drugs that either stim
ulate or block their function. "Most en
docrinology groups are working on 
neuropeptides," declares Ferid Murad, 

vice president of pharmaceutical re
search and development at Abbott Lab
oratories in Abbott Park , ill. 

Murad admits that large companies 
like his have deliberately remained qui
et about the potential of these mol
ecules for treating eating disorders be
cause "it is still early, we don't know 
much about how they work yet." But 
within a year, Abbott intends to begin 
human trials of an appetite suppres
sant modeled after a neuropeptide 
called CCK, for cholecystokinin. 

"CCK was found in the brain and 
then in the gut," Murad recalls. "We said, 
'It's a hormone. It's there. It must be 
interesting.' '' It was: initial tests in an
imals convinced the researchers that 
the peptide could suppress appetite. 
But, like other neuropeptides, the CCK 
molecule is too big and too highly 
charged to be administered orally. Even
tually researchers hope to synthesize 
smaller molecules that will not have to 
be injected. Merck and others have the 
same wishes for second-generation ver
sions of appetite-stimulating CCK an
tagonists to treat anorexia. 

Some of the Brain 
Chemicals That Control Eating 

INHIBITORS 
• Cholecystokinin: Present in the brain as well as in the gut 
and oral cavity where taste is perceived; suppresses appe
tite for fat and carbohydrate . 

• Cycto (His-Prol:A particularly stable molecule that fluctu
ates in response to food intake or deprivation and seems to 
regulate satiety. 

• Corticotropin-Releasing Hormone: Controls release of 
steroid hormones and by itself suppresses appetite. 

• Dopamine: This basic chemical messenger in the brain is 
frequently targeted by appetite-controlling drugs; suppress
es appetite for fat and protein . 

• Serotonin: Seems to tell the body when sufficient carbo
hydrate has been consumed; bulimics show a deficiency in 
this substance. 

STIMULANTS 

• Neuropeptide Y: One in a family of neuropeptides that 
includes pancreatic polypeptide; encourages appetite for 
carbohydrate and speeds its use by the body. 

• Galanin: Its presence at the end of the day or active period 
stimulates a preferential appetite for fat. 

NEUROBIOLOGIST SARAH LEIBOWITZ studies how certain 
brain chemicals affect the eating preferences of animals like 
this genetically obese rat. Photo: Robert Prochnow. 

.Norepinephrine: Related to adrenaline; increases appetite 
for carbohydrate during the first meal of the day. 
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Maybe. 
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are anti-lock brakes, one of the safest, most effective 
ways to stop a car. In panic braking situations, even 
in adverse conditions, your wheels don't lock up. So 
you stay in control. 

We could go on. The Accord's safety features are 
numerous. Rest assured, all are designed to give you 
peace of mind as you travel through life. 

Which means that whatever tomorrow may bring, 
you're prepared in an Accord. A soothing fact that we 
know you' ll be thankful for. mCJm�E!lm 
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Another prorrusmg eating-associat
ed neuropeptide has a name that is a 
mouthful: histidyl-proline diketopiper
azine, otherwise known as cyclo[His
Pro]. Levels of the substance in the 
blood increase after food is consumed; 
no change occurs when water is ingest
ed. "It's a very comfortable structure, 
not susceptible to enzyme attack ," 
notes John F. Wilber, a professor of en
docrinology at the University of Mary
land School of Medicine, That stability 
allows the peptide to inhibit appetite 
for up to 12 hours in rodents, a charm
ing attribute in the eyes of drugmakers, 

Satiety can also be induced in hu
mans by increased levels of the neu
rotransmitter serotonin, says Richard 
]. Wurtman, director of the Clinical 
Research Center at the Massachusetts 
Institute of Technology and co-found
er of Interneuron Pharmaceuticals, a 
small neurological therapeutics com
pany based in Lexington, Mass. This 
chemical messenger is particularly ef
fective at suppressing appetite for car
bohydrates, making it a natural target 
for drug therapy, he asserts. "A large 
number of very large people eat very 
large amounts of carbohydrate," Wurt
man notes, possibly in an attempt to 
improve their moods by stimulating 
production of serotonin, 

That theory guided his design of a 
drug called dexfenfluramine, which in
creases the brain's production of sero
tonin and also maintains high levels of 
it in the synapses, or gaps, between 
nerve cells. Interneuron plans to seek 
approval for the drug from the U.S. 
Food and Drug Adminstration within 
the next year or two. 

Neuropeptides seem to have an even 
more profound and longer-lasting ef
fect on body weight and food intake 
than do neurotransmitters, says Sarah 
F. Leibowitz, a neurobiologist at the 
Rockefeller University. Experiments in 
rats show that neuropeptide Y (NPY) 
begins stimulating appetite for carbo
hydrates within minutes after it ap
pears in the brain, but this effect lasts 
up to 24 hours, 

NPY kicks in early in the feeding cy
cle, perhaps to ensure that carbohy
drate is available to provide quick ener
gy during the early waking hours, Lei
bowitz postulates. At the end of the 
eating period, she points out, the taste 
for fat develops as activity of another 
neuropeptide, called galanin, increases. 
GAL stimulates fat intake. 

Human preference for speCific foods 
also varies according to the time of 
day, These patterns may be controlled 
by the interplay and rhythms of neu
ropeptides, Leibowitz suggests. "Gener
ally in the morning we don't want fat, 
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but our appetite for it will rise as we go 
into evening," she notes. The circadian 
aspect of neuropeptide function 

'
could 

have important implications for treat
ing patients--:-why give a drug in the 
morning to suppress an appetite that 
will not surface until late afternoon? 

Food preferences also shift as an indi
vidual matures, Particularly for females, 
the appetite for carbohydrate surges at 
puberty, when NPY content in the hy
pothalamus is highest. Appetite for fat 
increases in both sexes shortly after 
puberty, when GAL becomes activated. 

Just because people with eating dis
orders have disturbed levels of partic
ular neuropeptides does not necessar
ily mean these compounds cause the 
problems, Leibowitz declares. But the 
substances could help maintain un
healthy patterns, Administering minute 
amounts of NPY to test animals encour
ages overeating and therefore obeSity. 

In normal rats, levels of the com
pounds change in response to the avail
ability of food: NPY appears after peri
ods of food deprivation; levels decrease 
after feeding, The fluctuations in ap
petite and the different neurochemicals 
that affect it prompt Leibowitz to assert 
that "there won't be a single neuropep
tide treatment for all people at all times. 
I think we are going to need a variety, 
multiple solutions to the problems of 
appetite and weight control." 

Cocktail combinations of neuropep
tides or drugs that act on them will still 
be only supportive therapy for the be
havioral modification needed to cure 
an eating disorder, "Eating disorders 
must be approached from two direc
tions-both brain and behavior are im
portant," says Wylie W. Vale, president
elect of the National Endocrine Society 
and professor of peptide biology at the 

Salk Institute in La Jolla, Calif. 
Even so, Vale adds, "the most far

reaching progress is being made at the 
molecular and biochemical level." Re
searchers have already found some of 
the genes that control production of 
eating-associated neuropeptides. In Lei
bowitz's laboratory the activity of these 
genes has recently been shown to be 
disturbed in animals that overeat and 
become obese. 

"It's not like it's 100 years away," 
Leibowitz declares. "We're starting to 
get markers and predictors of ten
dencies toward obeSity, anorexia, buli
mia. It's exactly what we're trying to do 
with all disease-to predict tendencies 
to move in a certain direction, say, 
'Okay, you've got a weakness'-and 
then help steer people into preventive 
programs." Hunger for this type of 
knowledge is not likely to be satiated 
any time soon. -Deborah Erickson 
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Sustainable Jobs 
'Green work will be different, 
but there might be more of it 

T
he Worldwatch Institute has pub
lished a study that may turn on 
entrepreneurial light bulbs in cer

tain corporate suites and raise blood 
pressure in others. According to Mi
chael G. Renner, the author of the 
study, companies that threaten to close 
plants or relocate if they are forced to 
comply with environmental regulations 
are often guilty of job blackmail. Com
panies point fingers at green legisla
tion, Renner says in "Jobs in a Sustain
able Economy," but in most cases, laws 
to protect water supplies or air quality 
do not deserve the blame for reduced 
operations. 

Most of the time, Renner contends, 
jobs are lost because automation has 
cut the amount of human labor many 
tasks require or simply because com
panies are running out of resources. 
"We need to step back from the contro
versy, short of taking any environmen
tal measure, and ask, 'If we didn't do 
anything, what would happen?'" 

Certain jobs would be lost if the 
world moved away from fossil fuels, 
excess packaging and goods designed 
to be rapidly obsolete, Renner acknowl
edges. The motor vehicle industry alone 
employs more than four million work
ers and contributes almost 7 percent of 
global economic output-but the dol
lars are deceiving, he says. Although 
sales revenues for West German auto 
companies more than doubled from 
1977 to 1987, the number of jobs grew 
by less than one quarter. 

"In the next generation, the creation 
of millions of jobs in pollution control 
would seem inevitable," Renner writes. 
He reports that analysis of the $ 100 
billion spent on pollution control in the 
U.S. in 1988 showed that it supported 
or newly created almost three million 
direct or indirect jobs. By the end of 
this decade, America's pollution-con
trol outlays are expected to exceed 
$ 17 1  billion a year. The number of jobs 
will increase, too, but not always where 
money is spent. 

Even so, employment gains are like
ly to outweigh losses from environ
mental policies, Renner asserts. Renew
able energy sources will be a key source 
of jobs because their capital require
ments, with the exception of solar en
ergy, are low and their labor compo
nents are greater than those of con
ventional fuels. Renner cites a recent 
Worldwatch analysis that figures 100 
workers would be needed to generate 
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1,000 gigawatt-hours of electricity in a 
nuclear plant, versus 1 16 in a coal-fired 
plant, 248 in a solar-thermal facility or 
542 on a wind farm. German studies 
drew similar results, he notes. 

Some of the new jobs created by a 
sustainable economy will utilize skills 
already possessed by workers. For in
stance, the tasks involved in building 
automobiles and highways-such as en
gineering, trucking and concrete pour
ing-are similar to what would be re
quired to build railroad systems or ur
ban bicycle paths. 

Recycling resources saves money and 
creates more jobs than other waste dis
posal technologies, such as landfills 
and incineration. A study conducted by 
the Center for the Biology of Natural 

Systems at Queens College concluded 
that reaching New York City's mandat
ed rate of recycling 25 percent of its 
waste by 1994 will create 1,400 jobs. 
Planting trees is labor intensive, as is 
the installation of weatherproofing nec
essary to conserve energy. 

Governments might consider giving 
more active assistance to small firms 
whose innovative pursuits were hin
dered by lack of capital rather than 
corporate tradition, Renner suggests. 
Large companies could be made to re
alize that prevention is indeed often 
cheaper than the cure for toxic wastes 
and pollutants. "It's probably very im
portant to set up the right framework 
within which these companies can op
erate," Renner says. 

Then again, one can always get 
tough. Renner advocates leveling the 
playing field by eliminating subsidies 
and programs now in place that work 
against sustainability, such as building 
highways instead of public transporta
tion. It might be useful to require com
panies to make q.vailable information 
about how their operations affect hu
man health or the environment, Renner 
argues. A step in that direction was 
taken by the European Economic Com
munity, which has agreed on a mildly 
worded statement that corporations 
should not be allowed to hide their ac
tivities behind claims of proprietary 
technology. 

Environmental consciousness pays 
dividends in international competitive
ness, Renner declares. He cites the case 
of Sweden and Germany, where strin
gent legislation has compelled compa
nies to develop solutions that achieve 
government-ordered goals. Both have 
become leading developers of environ
mental technology and are exporting it 
to the rest of the world. It's not easy 
being green, but enlightened self-inter
est is clearly best served by moving 
ahead. -Deborah Erickson 

Skinside Out 
Drug delivery in reverse 
could be a diabetic's boon 

R
ichard H. Guy, a professor of 
pharmaceutical chemistry at the 
University of California at San 

Francisco, has been seeking ways to de
liver drugs through the skin. One tech
nique he has studied is iontophoresis, 
the use of tiny electric currents to push 
ions across membranes. Guy soon real-

ized that while certain compounds were 
going through the skin as planned, oth
ers were coming out. The observation 
gave him an idea: maybe trans dermal 
drug delivery could work in reverse as 
a diagnostic method. 

So Guy quickly filed a patent on the 
technique for extracting biological 
molecules, as well as illicit drugs. He 
found a licensee to develop the tech
nology, Cygnus Therapeutic Systems. 
The drug delivery company in Red
wood City, Calif., hopes iontophoresis 
will one day replace the self-inflicted 

PHARMACEUTICAL CHEMIST RICHARD GUY (at left) is developing a noninvasive 
glucose monitor with Russell Potts of Cygnus Therapeutic Systems'. The experimen
tal device shown here draws metabolites through the skin. Photo: Matthew Mulbry. 
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The United States 
Academic Decathlon 

Learn about the challenge! The U.S. 
Academic Decathlon is a national 
scholastic competition which provides 
recognition and reward for solid 
academic endeavor. Individual high 
school students compete in their grade 
point category: A, B, or C and below. 
Teams compete across a range of 
events for important awards: scholar
ships, medals, pride in themselves, 
their teams and their schools. 

The greatest award, for young people, 
is educational achievement. The U.S. 
Academic Decathlon seeks renewed 
respect for schoolwork at all levels, 
started and sustained during the im
portant pre-college years, open not just 
to the intellectual elite but to a spec
trum of able students. In 1990, 25,000 
young people took part in Decathlon 
competitions culminating in an excit
ing National Finals. 

Scientific American is pleased to join 
Ame rican Airlines, The Krausz 
Companies, Inc., GTE, D.C. Heath, the 
Lennox Foundation, R onald Mc
Donald's Children's Charities, North
rop, The Psychological Corporation,' 
Raytheon, TRW and others in sponsor
ing the U.S. Academic Decathlon. All 
of us salute the many local companies 
and organizations which help their 
schools and their children participate. 

We invite you. 

Please send for more information; your 
participation is needed, and your effort 
and support will have major impact. 
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pinprick that enables millions of dia
betics to detect the critical levels of glu
cose in their blood. 

The Cygnus researchers are now per
fecting their methods on a tiny device 
called a diffusion cell, which mimics the 
skin's relation to the interior of the 
body. A solution with a known amount 
of glucose and other metabolites is 
pumped through a chamber with a vol
ume of approximately a cubic inch. The 
skin clamped over this receptacle is real, 
left over from face-lifts and tummy 
tucks or taken from hairless mice. Self
adhesive gel attaches electrodes to the 
skin surface; glucose accumulates in 
this barrier material when electric cur
rent is passed between the electrodes. 

Even though a tiny electric current 
speeds the transfer of ions across the 
skin, concentrating measurable levels 
of glucose is difficult. Because glucose 
does not carry a charge, it must be 
swept along by highly mobile ions, 
such as sodium and chloride. Other 
ions also compete for the charge. The 
Cygnus researchers hope to improve 
the odds by using a gel that excludes 
the most prevalent ions. 

When tested on mouse skin, the 
amount of glucose that comes out 
"seems nicely linear" with the circulat
ing level, says Russell O. Potts, the 
firm's associate director for biophysical 
research. "The Achilles' heel in com
mercializing the monitor may be the 
amount of time it takes to collect ma
terial," he admits. "We can do it in 30 
to 60 minutes, but we're shooting for a 
10-fold reduction in time," he notes. 
Even then it will be hard to best the al
most instantaneous results from the 
conventional stick tests. 

To get a faster reading without 
bloodshed, the researchers hope they 
can also extract breakdown products 
of glucose. These smaller metabolites 
have a negative charge that may help 
them move through the skin and into a 
monitor more rapidly. Calculating the 
ratio of these fragments to glucose 
may help compensate for the method's 
inherent slowness, Guy suggests, by pro
viding extra numbers to read sooner. 

"The logic is good," comments Ron
ald R. Burnette, an associate professor 
at the University of Wisconsin School 
of Pharmacy. But he cautions that us
ing the metabolites to estimate glu
cose levels will be complicated because 
all sugars and carbohydrates have the 
same building blocks. "Whether they 
are able to separate out these pieces 
or not, the amounts they collect will 
still be very small. Detecting extreme
ly small amounts of things can be ex
tremely expensive." Another problem 
is limiting the amount of skin that 
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must be covered by a sensor to capture 
glucose effectively. "Ideally, we'd like 
something like a dot on the end of an 
eraser, but we can certainly go for a 
patch or a cuff," Potts offers. 

The potential value of a noninvasive 
glucose monitor has not escaped the 
big players in the diabetic market. Eli 
Lilly, one of the world's leading suppli
ers of insulin, and Becton Dickinson, a 
major supplier of syringes, have both 
nibbled on the concept. Alza Corpo
ration in Palo Alto, Calif., which pio
neered transdermal skin patches, has 
explored the approach as well. "We 
dabble in the area of asking how do we 
sense things and control our system in 
response to that," confesses]. Bradley 
Phipps, Alza's manager of materials re
search for electro transport. 

If trans dermal sensing can be made 
to work , the benefits for diabetics 
could be more far-reaching than elimi
nating an uncomfortable test. "If you 
could pull out and sense glucose and 
deliver insulin, you'd have a nice closed 
loop," Phipps says. If transdermal mon
itoring does become used extensively, 
prices for the technology could drop 
enough to encourage truly novel diag
nostic applications, he observes. "Sud
denly they might notice, 'Hey, this 
group of people with the flu or a cer
tain virus took twice as long to recover, 
and they're all low in potassium.' " For 
now, though, Cygnus is sweet on a sim
ple sugar. -Deborah Erickson 

Plastic for the '90s 
Some clever chemistry 
churns out a new polymer 

I
n the 1960s and 1970s new plastics 
seemed to reach the market almost 
every week. They came with family 

names like polyethylene, polyester, ac
etal and acrylic, earned public recogni
tion under trademarks such as Plexi
glas and Kevlar and endeared them
selves to engineers as stronger, lighter 
alternatives to metals and other tradi
tional materials. Molding, extruding and 
stamping transformed these resins into 
everything from leisure suits to pop
corn poppers, car parts and computer 
housings. 

Then the procession of novel poly
mers stopped. Alloys, blends and com
posites prevailed. Fine-tuning of prop
erties became the game. But Amoco 
Corporation in Naperville, m., has dem
onstrated that there is still some room 
for innovation in polymer chemistry. 
Earlier this year it introduced the first 
totally new resin in nearly a decade. 
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Made by combining aliphatic diarnines 
and terephthalic acid, the plastic, known 
technically as polyphthalamide, is trade
named Amodel. 

The semicrystalline resin is "looking 
good and capable," says Edward T. 
Shea, Amoco's business development 
manager for performance products. 
The new thermoplastic has a balance 
of properties that promises to make it 
welcome in everything from irons and 
electric outboard motors to oil-drilling 
apparatus and packages for integrated 
circuits and light-emitting diodes. Sev
eral hundred evaluations are taking 
place in the automotive industry alone, 
Shea notes. 

Amodel's price of just under $3 a 
pound is closer to the $2.25 average 
cost of traditional engineering plastics 
such as nylon than the $4.75 or more 
commanded by high-performance poly
mers. "We're going after applications 
where we know people are looking for 
high-performance materials but don't 
want to pay the price," Shea says. 

The secret to producing polyphthal
amide is a quick synthesis that breaks 
one of the cardinal rules of polymer 
manufacturing. Polymer chemists usu
ally seek to avoid turbulence in reac
tion vessels, but Amoco's scientists opt
ed for it deliberately. After the ingre
dients are combined with water and 
heated under pressure, the mixture is 
injected at high velocity into a heated 
reaction zone, where it begins to poly
merize. The rapid transit through this 
step ensures that the substance does 
not remain long enough for heat to de
grade it. The roiling fluid continuously 
disperses particles like a rough sea giv
ing off mist. This vapor is sprayed into 
another section of the reactor, where a 
drop in pressure causes it to condense. 

When it is molded into parts, Amod
el can resist temperatures up to 580 
degrees Fahrenheit. Modifying the ma
terial with other substances such as 
glass, carbon and rubber enhances its 
properties dramatically, Shea notes. 
Glass and carbon fibers make the poly
mer strong and stiff. Adding Amodel 
fibers to rubber yields a material suit
able for automotive hoses and fan 
belts. A super-tough variety resistant 
to wear and chemicals as well as heat 
is being introduced to the oil fields 
of Texas and Alaska, as spacers for 
drilling pipes. 

With visions of a broad market, 
Amoco has begun building a large-scale 
manufacturing plant in Augusta, Ga., 
that Shea says will be "big enough" to 
meet demand. "Maybe we'll build a sec
ond plant in a few years, perhaps over
seas," he offers with the 1990s-style 
understatement. -Deborah Erickson 
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SOF1WARE MANNEQUINS are placed in a computer mock-up of a helicopter to test 
whether a cockpit display is legible. Source: NASA Ames Research Center. 

Human Spec Sheet 
Picturing the way the 
world looks to its users 

W
hat size, type and color are 
needed so that the words "fuel 
low" are perceptible to a jet 

fighter pilot whose aircraft begins to 
shake vigorously as it nears the speed 
of sound? At how many decibels does 
a voice become unintelligible through a 
blizzard of static? 

The multidisciplinary field of human 
factors, an attempt by social scientists, 
psychologists and engineers to quantify 
human performance, has tried to supply 
answers to these and similar questions. 
But design engineers who wish to tap 
into this storehouse of data must often 
rely on graphs and charts that communi
cate the concept but not the experience. 

The Armstrong Laboratory at Wright
Patterson Air Force Base in Dayton, 
Ohio, and other software developers 
are trying to fill this gap by expanding 
computer-aided design beyond the 
mere simulation of an airplane's struc
ture or electrical connections. The labo
ratory's Fitts Human Engineering Divi
sion is assembling a data base that 
shows the designer how a display is per
ceived through the eyes of a pilot. 

"Usually computer-aided design is 
structured to see things from the en
gineer's perspective," says Thomas B. 

Sheridan, a professor at the Massachu
setts Institute of Technology who was 
formerly president of the Human Fac
tors Society. "The whole perspective 
of human factors is to be able to see 
things from the user's point of view." 

Aerospace designers have assumed a 
leading role in compiling human-fac
tors data for obvious safety-related rea
sons. "You want to make sure that when 
a pilot ejects from a fighter plane that 
he doesn't lose his kneecaps," says Ken
neth R. Boff, who began the Wright-Pat
terson project. Besides aviation engi
neers, the system is intended for use by 
designers of an automobile or even a 
videocassette recorder. 

The data base, called Computer-Aid
ed Systems Human Engineering, con
tains a range of information on human 
factors, from memory ability to spatial 
and temporal perception. "These are 
spec sheets for human performance," 
Boff says. To use the system, a person
al computer extracts information from 
a compact disc that contains graphics 
and text that was originally published 
in a printed volume called Engineering 
Data Compendium: Human Perception 
and Performance. This work , co-edit
ed by Boff, combines information from 
leading studies on human factors. 

The data base can simulate actual 
conditions on the computer screen. For 
example, legibility can be assessed while 
making text vibrate furiously. Or an im
age that depicts the blur of myopia can 
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be inspected-and then cured. "You 
can take an eyeball, pop it on the soft
ware test bench and accommodate it 
with different lenses," Boff says. 

The Wright-Patterson system is one of 
a number of software tools developed 
in recent years to help understand how 
well people use machines that are still 
just files in an engineer's computer. 
The University of Pennsylvania has been 
perfecting a software mannequin called 
Jack that a designer can place in a sim
ulated cockpit to test whether the op
erator can reach or see a control panel. 
A window appears on the display that 
shows what the controls look like from 
Jack's vantage point. "These tools can 
assess whether a design is okay before 
building a full-scale model," says Nor
man I. Badler, a professor of computer 
and information science who is the cre
ator of Jack . 

The U.S. Army and the NASA Ames 
Research Center have jointly used Jack 
to simulate display legibility in a heli
copter cockpit. The research team sup
plemented Jack with two vision mod
els, one developed by the David Sarnoff 
Research Center, the other by the Light
house, a nonprofit agency for the blind 
or visually impaired. 

The David Sarnoff model predicts to 
what extent two similar letters-a cap
ital 0 and Q, for example-can be dis
tinguished at different angles from the 
pilot's direct line of sight. Concentric 
circles in the upper left window of the il
lustration represent the distance (in de
grees) from the pilot's visual axis. A col
ored area in the middle denotes where 
the pilot can readily discriminate the 
two letters. The discrimination data are 
projected onto the cockpit control pan
el using the Lighthouse model (indicat
ed by contours in lower left and main 
windows). The Lighthouse model also 
shows a wire frame of the control pan
el on a simulated retina (shown in up
per right window). 

The next step for human-factors spe
cialists is to measure mental work load 
more precisely. Currently simple ques
tionnaires are used to evaluate whether 
a pilot has trouble coping with a set of 
control tasks. 

Studies at the Armstrong Laboratory 
measure brain waves to judge wheth
er manipulating cockpit controls will 
overload a pilot. New simulations may 
also draw on the laboratory's inves
tigations into virtual reality, three-di
mensional simulations of sight, sound 
and touch. The designer could then re
produce operator performance-react
ing in the heat of a dogfight, driving 
through a snowstorm or cursing while 
plodding through the programming of 
a VCR . -Gary Stix 
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Gennond, Eleanor Clift, John McLaughlin, Fred Barnes, 
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THE ANALYTICAL ECONOMIST 

No Accounting for Disaster 

I
n the heyday of the 19th centu
ry, small, local fire insurance com
panies dotted the American land

scape. Often they would collect premi
ums in peace for years until the fate
ful day someone kicked over a lantern 
and burned down the town. Then, over
whelmed, the insurer would declare 
bankruptcy and decamp. 

Although regulators now keep close 
watch on insurance companies-which 
have grown into multibillion-dollar 
transnational entities-not that much 
may have changed. Some natural and 
artificial disasters may still be too big 
for the insurers to handle. Events such 
as earthquakes, floods, nuclear acci
dents and chemical manufacturing mis
haps have the potential to generate 
claims beyond any company's resources. 

In addition, major disasters vio
late the actuarial assumptions-well-de
fined probability and statistical indepen
dence-that are the basis of most insur
ance, says economist Ralph A .  Winter of 
the University of Toronto. Roughly the 
same number of drivers have accidents 
every year, for example, and the fact 
that one driver has an accident does not 
generally affect the likelihood that an
other driver will also do so. But a Bhopal 
or a Richter 8.5 earthquake arrives less 
predictably. The chances are that if one 
policyholder is filing a claim, many oth
ers will be waiting right behind. 

Traditionally, insurers maintain actu
arial data on the frequency of risks and 
their average cost. If 1 percent of acci
dent insurance policyholders file claims 
every year, and the average claim is 
$5,000, then the annual "expected loss" 
on each policy (and so, excluding over
head, the premium) should be $50. 

But major disasters present a string 
of years during which no one files a 
claim, followed by a year during which 
everyone does. The concept of "ex
pected loss" is not as intuitively clear. 
Furthermore, without a steady trick
le of claims, estimating probabilities 
is difficult. Techniques such as prob
abilistic risk assessment (PRA) provide 
guidelines that are not always applied. 
Elisabeth M. Pate-Cornell of Stanford 

. University reports, for example, that 
industrial insurers displayed virtually 
no interest in PRA until after taking a 
bath with claims against Union Car-

bide resulting from the Bhopal accident. 
How can insurers and their customers 

deal with outsize risks? One problem 
that economists have long identified 
is the "moral hazard" of insurance
the fact that people have less incentive 
to avoid a risk once they are insured 
against it. Disasters put a new twist on 
moral hazard. Say that a power compa
ny might face $10 billion in claims if 
one of its nuclear reactors melts down, 
but it only has a net worth of $1 bil
lion. Spending money, either on safety 
measures or insurance premiums, to 
bring the expected loss from an acci
dent down to $1. 1 billion would be 
worthless-the company would still go 
bankrupt. That, points out Steven Sha
vell of Harvard University, is why nu
clear power is so heavily regulated. 

A similar moral hazard afflicts insur
ers facing inordinate payouts in a dis
aster, whether to a single company or 
to myriad correlated claimants. Ironi-

"The industry 
is not in a position 
to insure these 
kinds of events" 
-Howard Kunreuther 

cally, Douglas B. Bernheim of Princeton 
University suggests that an insurer in 
such a situation would face a far small
er risk-merely its net worth, not the 
cumulative values of its policies. So it 
would be able to charge lower premi
ums. (Bernheim, recently arrived from 
Stanford, reports that earthquake in
surance does not conform to his pre
diction. It is priced well above the level 
required to cover average rates of prop
erty damage. He gambled and won by 
not buying.) 

In the face of such conundrums, 
some economists conclude that the pri
vate-sector insurance market is simply 
unsuited to risks that put the very sur
vival of companies at stake. "The in
dustry is not in a position to insure 
these kinds of events and feel comfort
able," says Howard Kunreuther of the 
Wharton School. He advocates a three
tiered system for insuring against ma
jor risks such as environmental disas-
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ters: a deductible that policyholders 
would fund by themselves, insurance 
and then a government-funded cap on 
liability to avoid the risk of bankruptcy. 

Some plans for insuring against ma
jor risks, such as the Price-Anderson 
Act for nuclear power and Superfund 
for the chemical industry, already take 
roughly the form Kunreuther suggests. 
He contends that even though the gov
ernment is ultimately responsible for 
taking care of claims, the plans avoid 
moral hazard because firms still have 
substantial amounts of money at risk. 
Ideally, he says, a plan would be struc
tured so that additional damages al
ways result in some additional liability 
for the company at fault. 

Other economists, however, see such 
schemes as a devious, misguided form 
of subsidy. By eliminating risk for claims 
over a certain amount, the government 
essentially relieves companies of hav
ing to purchase insurance or carry re
serves against those losses. Price-Ander
son, for example, limits utility compa
nies' liability for claims from nuclear 
accidents to $7 billion. Geoffrey S. Roth
well of Stanford estimates that the 
resulting subsidy to nuclear power is 
more than $22 million per reactor a 
year, or nearly $2.5 billion a year for 
the industry as a whole. 

Furthermore, according to Shavell, 
Price-Anderson may have a perverse eco
nomic effect on safety because it acts 
speCifically on liability for accidents. 
"It leads to more need for safety reg
ulations," he says. The same subsidy 
enacted as a tax break , for example, 
would not have the same perverse ef
fect, he contends. 

Meanwhile the market for insurance 
against slightly smaller, more common 
disasters may offer some interesting in
sights. Carl Shapiro of the University of 
California at Berkeley, who edited a se
ries of papers on risk and liability in 
the summer 1991 issue of the Journal 
of Economic Perspectives, reports that 
the market seems to be working well in 
pricing insurance for airlines ( risks even 
appear down since deregulation). And 
Bernheim says that even the erratic be
havior of satellite insurance premiums 
is pretty much in line with what eco
nomic models would predict. Perhaps 
that is the most perverse incentive of 
all: if major disasters occurred more 
often, they would be easier and more 
predictable to insure. -Paul Wallich 
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THE AMATEUR SCIENTIST byDominicMan-KitLamwithAlexandralBaran 

Painting in Color without Pigments 

C
uriosity and the thrill of discov
ery motivate the amateur scien
tist to try to understand and per

haps control nature. But unlike the pro
fessional, the amateur must conduct 
research with few supplies and mod
est equipment. The technique I invent
ed for painting without pigments be
gan as an amateur project more than 
10 years ago. 

Those readers who have developed 
their own photographs have probably 
noticed that black-and-white prints are 
sometimes discolored with browns and 
yellows. I became interested in figuring 
out what produced those colors, in par
ticular because I knew that the chemi
cals used in the darkroom would not 
serve as pigments. 

For the past four decades, THE AMA

TEUR SCIENTIST has found a place in SCI

ENTIFIC AMERICAN. The department has 
taught readers how to build a laser, 
an X-ray machine and even an electron 
microscope. SCIENTIFIC AMERICAN plans 
to continue this tradition by publish
ing amateur projects that are related to 
feature articles in the magazine. This 
month we present the work of Dominic 
Man-j(jt Lam, co-author of "Chromoske
dasic Painting," on page 80. Alexandra ]. 
Baran is a chemist who has assisted Lam 
with many ventures during their five
year acquaintance. THE AMATEUR SCIEN

TIST will alternate with MATHEMATICAL 

RECREATIONS, which will next appear in 
the December issue. 

After several years of part-time exper
imentation, I invented a technique for 
painting a rainbow of colors on black
and-white photographic papers by ap
plying colorless chemicals. The meth
od utilizes commonly available photo
graphic supplies, and I am delighted to 
share my methods with the readers of 
SCIENTIFIC AMERICAN. 

My colleague Bryant W. Rossiter of 
the Eastman Kodak Research Labora
tories coined the term "chromoskedas
ic" to describe my technique. The term 
"chromoskedasic" means color by light 
scattering, and my technique exploits 
this phenomenon. Black-and-white pho
tographic papers contain silver salts 
that form tiny particles when exposed 
to light and chemicals. Silver parti
cles that are roughly the same size 
will scatter certain wavelengths of light 
and absorb others, producing a specif
ic color. In chromoskedasic painting, 
the size of the particle is the variable 
through which color is controlled [see 
"Chromoskedasic Painting," by Domi
nic Man-Kit Lam and Bryant W. Rossi
ter; page 80]. 

Chromoskedasic techniques require 
no special skills, although a degree of 
artistic talent will obviously enhance 
the results. An eye for art also helps 
in deciding which images are worth 
keeping and which are best left in the 
darkroom. 

I highly recommend that readers as
semble all necessary materials and di
lute all needed solutions before remov-

AUTUMN IN NEW ENGIAND 
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ing the photographic paper from its 
protective box. For the paintings de
scribed below, I used Kodak papers and 
photographic solutions. Other brands 
of materials should work just as well. 

Readers should heed the warnings on 
the various chemicals. (You can obtain 
additional hazard information, free of 
charge, from a photographic chemical 
supplier by requesting "Material Safe
ty Data Sheets" for speCific products.) 
When mixing photographic chemicals, 
wear safety glasses and old clothes 
that cover you completely. Some of the 
chemicals are strong acids that can be 
very harmful if ingested or splashed on 
the skin or eye. Never pour water into 
a concentrated acid. Dilution should 
always be performed by carefully add
ing the acid to the water. All the chemi
cals mentioned in this article should be 
diluted to the desired concentration 
with water. 

Over the years, I have made hundreds 
of paintings and have taught the tech
nique to my daughter and to friends. 
In the following paragraphs, I describe 
three projects in order of increasing so
phistication. I suggest that readers first 
adhere to my instructions and, before 
moving on to the next project, experi
ment a bit to get a feel for the process. 

I used only the most basic chromo
skedasic methods to create Among the 
Coral Reefs, the abstract painting at 
the top of the opposite page. I removed 
a piece of Kodak Polycontrast 3RCF 
black-and-white photographic paper (60 
by 40 centimeters) from its protective 
covering. After exposing the paper to 
dim red light for five minutes, I poured 
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about half a cup of a 10 percent solu
tion of Kodak Ektamatic S30 Stabilizer 
onto the paper. I swirled the stabilizer 
on the paper in an attractive pattern. 
The regions exposed to the stabilizer 
would eventually emerge as light yellow. 

On other areas of the paper, I imme
diately poured a small amount of 10 
percent solution of Kodak S2 Activa
tor, followed by a 50 percent solution 
of Dektol. These chemicals produced 
reds, oranges, yellows, greens, blues 
and grays. I exposed the paper to light 
from a fluorescent lamp for five min
utes. Finally, I bathed the paper in a 50 
percent solution of Kodak Rapid Fixer, 
then rinsed the paper with water and 
allowed it to dry. 

With a little more effort, readers 
should be able to create images like To 
Run, shown at the right below. Using 
an artist's brush and black ink, I paint
ed a running horse on rice paper. I then 
took a photograph of the horse using 
Kodak black-and-white film and devel
oped the negative. I used a photograph
ic enlarger to transfer the negative im
age onto a piece of Kodabrome paper 
(20 by 25 centimeters). 

Immediately after, under red light, 
I poured a 10 percent solution of sta
bilizer onto the paper and swirled it 
around. I did the same with a 10 per
cent solution of S2 Activator on the 
same part of the paper; the stabilizer 
and activator combined to make orang
es. To produce a deep red-orange color, 
I applied a 50 percent solution of Dek
tol. Using a rag, I spread a 50 percent 
solution of fixer over the entire paper 
and then submerged the paper in the 
fixer for 20 minutes. Finally, I washed 
the paper in a water bath for 30 min
utes and let it dry. 

To create Autumn in New England, 
the impressionist painting shown on the 
opposite page, I used both chromoske
dasic techniques and ordinary enamel 
paints. Under red light, I cut a 100-by-
300-centimeter piece of black-and-white, 
polycontrast photographic paper from a 
large roll. Using a brush dipped in full
strength S30 Stabilizer, I drew the peak 
of a snow-covered mountain. I then 
turned on the fluorescent room lights, 
exposing the paper for five minutes. 

To add ivory-colored details on the 
mountain, I brushed on, under red 
light, a 20 percent solution of stabiliz
er. I painted other areas with the dilut
ed stabilizer to make the outline of a 
lake. To produce brown tones, I worked 
these areas over with a 50 percent so
lution of S2 Activator. After dipping a 
fountain pen in the activator, I outlined 
trees in the foreground of the picture. I 
shaded the trunks brown by applying 
stabilizer and then activator. 

AMONG TIlE CORAL REEFs . 

To RUN 

I exposed the material to fluorescent 
light for a total of about 30 minutes 
and then applied a 50 percent solution 
of fixer with a spray bottle over the 
entire piece of photographic paper. Af
ter 20 minutes, I washed the entire pa
per with a garden hose and allowed it 
to air-dry. I then used enamel paints to 
add white mist on the mountains, blue 
water in the lake and yellow and red 
leaves on the trees. 

I am sure readers will find many in
teresting effects by experimenting with 

such chromoskedasic techniques. I can
not even begin to imagine the various 
works of art that might be created us
ing this medium. Will the new medium 
provide a palette for the creative mind 
of a new da Vinci or Picasso? 

FURTHER READING 

NEBLETIE'S HANDBOOK OF PHOTOGRAPHY 

AND REPROGRAPHY: MATERIALS, PRO

CESSES AND SYSTEMS. C. B. Neblette. Van 
Nostrand Reinhold, 1977. 
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BOO K REVIEW S by Philip Morrison 

Kaleidoscope Order 

LONDON DOCKlANDs, by Stephanie Wil
liams. A VNR Architecture Guide. Van 
Nostrand Reinhold, 1990 (paperbound, 
$24.95). 

F
rom Marblehead to Bombay, a 
dock is a solid finger, small or 
large, sent outward from shore to 

lengthen the interface between land 
and water. In a few ports, the geomet
ric game is inverted: fingers of water 
instead run into the land, narrow chan
nels that usually end in sizable 
basins where ships may deliv
er or take on their burdens. 

London's Docklands are the 
most famous of these inver
sions, or wet docks. By decree 
of Elizabeth I, the mushroom
ing sea trade of her realm was 
assigned about a quarter of 
a mile of "legal quays." These 
ran along the smooth river
bank eastward from the Tower 
of London, just at the head of 
the Pool of London, where by 
law all dutiable goods had to 
be landed. By the 1790s, the 
entire Pool was daily clogged 
by 1,000 ships, served by 
3,500 barges and lighters. 
Rich-laden ships spent days to 
make good a few dangerous 
yards of river; they queued as 
long as six weeks wating to be 
unloaded. To the insufferable 
delay was added a lively threat 
of well-organized pilferage. 

pioneer shipyard where the gigantic 
iron steamer Great Eastern was built 
and launched after an epic struggle 
against gravity. The rural population 
was displaced; industrial London had 
found its sites too in the few penin
sulas bounded by the deep bends of 
the Thames. 

The 19th century generated both the 
amenities, the middle-class residences, 
the parks and the museums westward 
in London, and the murky, teeming, of
ten miserable workplaces and dwell
ings of Docklands. The docks covered 

about 10 square riverside miles adjoin
ing the single square mile that was and 
is financial London, from Uoyd's to the 
Bank of England. Docklands takes its 
full place in the prose of Dickens and 
the engravings of Dore. A little closer 
to the City than the West India Dock lies 
the old district of Limehouse, around 
the basin built under the direction of 
Thomas Telford to link the Thames to 
the national canal system. Legendary 
until World War II, Limehouse became 
far-famed for its aura of lawlessness 
and debauchery, its opium dens and 

brothels. To remind us of the 
complexity of London life, the 
book shows us as well the su
perb tower of the 18th-centu
ry church of St. Anne's Lime
house, with its unaltered or
gan installed in 1851 "after 
wnllnng the organ prize at 
the Great Exhibition." 

Victorian London extended 
the docks eastward at breath
taking scale, with still more 
surrounding heavy industry. 
The largest gasworks in Eu
rope, lighting and fueling the 
metropolis with coal gas, was 
built there, to be torn down 
only in 1985. (Its great heaps 
of ash and waste, wonderful
ly named the Beckton Alps, 
are now the site of a dry ski 
slope.) The Royal Docks are 
the easternmost in Docklands, 
some five miles from the fi
nancial district. Once they 
formed the largest enclosed 
dock system in the world, 
busy up to the mid-20th cen
tury, especially in the grain 
trade. Today no ships come; 
the tall warehouses are dere
lict. "Nowhere is the landscape 
in London more desolate," al
though its backdrop is still 
theatrical, "gigantic , aban
doned, stalking cranes ... and 
monumental grain silos." Now 
the action is on the single 
runway of the new London 
City Airport that stretches out 
alongside the still waters of 
the Royal Albert Dock . 

The Luftwaffe had already 
burned out much of Dock

Father Thames is no ample 
harbor, but a modest river; a 
fringe of docks sent out into 
the river would have choked 
passage still more. The West 
India merchants therefore pro
posed a set of wet docks to be 
let into seven areas of the bog
gy flatlands along both sides 
of the Thames as it mean
ders eastward to Greenwich. 
In 1802 the first high-securi
ty dock was opened, its ware
houses and basin enclosed 
and guarded like a fortress. 
The West India Dock had room 
for 600 sailing ships. The spoil 
heap from the requisite earth
works that formed the first 
wet docks is still there, the 
Mudchute. Not far off is the 

THE OLD (top): towering warehouses drew forth Dickens's 
graphic portraits of poverty. The new (bottom): Financial 
Times Print Works, "the finest building in Docklands." 

lands, then a sprawling eco
nomic target, before the docks 
ended for good in the 1960s. 
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Jobs and housing both faded away step 
by step as London-indeed, much of 
Britain-gave up first on heavy manu
facturing, then on light. New container 
and specialized bulk ports, new rail
ways, trucklines, even the turn from 
coal to North Sea gas and oil, all con
tributed to the change, which has its 
parallels worldwide. 

Docklands was born out of the crisis 
of the exponentially rising sea trade of 
a mechanizing Britain. Within 30 years 
after the start of the West India Docks, 
Docklands had been given its form 
through wild expansive growth. A rush 
of speculation and investment left a 
cityscape of grim if sturdy warehouses, 
walled and guarded docks, diverse in
dustries, dormitory housing and, finally, 
the crowded dwellings of the marginals 
and the working poor. Hit hard by war, 
then by powerful economic currents, 
Docklands idled and at last emptied, 
its jobs down one full order of magni
tude; the docks closed down from the 
time of the mid-1960s. 

But there the land lay, flatlands (and 
water) with a developed area the size 
of Manhattan south of Central Park, 
convenient to the ever busier City of 
London. A new boom entered Dock
lands after the government funded 
the London Docklands Development 
Corporation in the summer of 1981. 
LDDC acted decisively to draw private 
investment. Once again "the market 
has ruled." After one decade, a strew 
of glass-walled office buildings hous
es service industries and eager com
merce. Home ownership flowers, some 
of the 13,000 new dwellings kept low 
in price. 

This small book is a district-by-dis
trict guide to the unfinished history 
of this place as of 1990. Almost every 
double spread bears a page of build
ing photographs or drawings (all black
and-white) and a knowing and apposite 
history of the structure shown, with 
an architectural critique, by no means 
always circumspect. Docklands holds 
"one of the worst collections of late 
20th century building to be seen any
where in the world ... you want to 
cringe ... with the hopeless crassness ... 
of it all." Gems are here as well. Two 
essential new pumping stations, a large 
one and a small, are structures rich in 
unexpected color. "One of the most 
splendid buildings," a secure concrete 
control house for storm water pumps, 
is turned by its ornamented roof and 
columns and visible fan into a sym
bolic appreciation of hydraulics, with 
a fragrance of China but without pre
tense or cliche. There are a couple of 
exemplary groups of owner-planned 
and owner-built terrace houses, de-
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signed and occupied mainly by build
ing tradesmen. 

Ongoing is the largest building proj
ect in Europe, Canary Wharf, two doz
en modern commercial office build
ings, along with their less pinstriped 
kin, the shops, hotels and pool, that 
make up a corporate city of transat
lantic pedigree and scale. It will employ 
40,000 when it is finished in 1997, 
business cycle permitting. Industry is 
here, too, but now it is mostly informa
tional, a dramatic printworks for the Fi
nancial Times-"the finest building in 
Docklands"-and a couple of trim mi
crowave- and computer-crammed cen
ters, "anonymous" and "secure." Soon, 
as many people will work in Docklands 
as now work in the city of Bristol, some 
200,000, perhaps half of them living in 
Docklands as well. Although the flow
ing Thames will never run twice the 
same way, in the Docklands narrative 
are hints of kaleidoscopic order among 
these fragments bright and dark . 

Sacred Soccer, Ritual Roads 

CHACO & HOHOKAM: PREHISTORIC RE

GIONAL SYSTEMS IN THE AMERICAN 

SOUIHWFST, edited by Patricia L. Crown 
and W. James Judge. School of Ameri
can Research Press, 1991. Distributed 
by the University of Washington Press 
($35; paperbound, $15.95). 

T
his VOlum

.

e reports a protracted, 
subtle and fascinating argument 
carried over a dozen chapters. 

There are also a prologue and a con
sensus (visibly a bit uncertain) among 
the 12 authors, all expert archaeolo
gists of the Southwest. They seek for 
the first time to compare long unrelat
ed interpretations for two of the best
known prehistoric cultures, the Chaco 
and the Hohokam. More or less con
temporary, directly adjoining and yet 
distinct, these two ancient civilizations 
are full of wonder and of puzzles. 

Stretching from a point just north
west of the Four Corners in Utah, far 
across the grasslands and pifton-ju
niper scrub plateau to the edge of the 
Rio Grande Valley in New Mexico, cer
tain ruined settlements of the old peo
ple share a remarkable common fea
ture. At roughly 70 of the far-flung ma
sonry ruins lies some fragment of a 
prehistoric road. The careful construc
tion of these roads is recognizably that 
of the "formal, engineered" roads that 
still link a score of large masonry struc
tures in isolated Chaco Canyon far up 
along the San Juan River. There, huge, 
symmetric, often multistory pueblos 
form the geographic and probably the 
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cultural core of this pattern. Dating by 
tree rings is on the whole reliable, espe
Cially in the canyon itself, where ma
sonry construction began about A.D. 
900. The last big log to be cut (and 
man-hauled from the distant moun
tains) for those buildings can be dated 
by its rings to A.D. 1132. The place 
dwindled steadily thereafter for a cen
tury or two. We call this world Chaco, 
and of course we know much more of 
it than these remarkable roads. 

On the other side of the arid desert of 
southern Arizona, from the Verde Val
ley southeastward to some 50 miles be
yond Tucson, wherever the land bears 
tall saguaro cactus instead of trees, the 
archaeologists have for some time iden
tified sites of another long-lived and 
distinctive culture. As maize fed the 
skillful dry farmers of Chaco, these Ari
zonan people too, "First Masters of 
the American Desert," had maize for 
their staple. Although they dwelt where 
as a rule rainfall cannot support a 
crop, they lived by systematic irriga
tion. Their admirable weirs, inlets and 
canal grids took life-giving water from 
natural springs and watercourses to 
spread it frugally over the terraces the 
villagers farmed. We call them Hoho
kam; much has been said about the 
1,500 years of Hohokam growth and 
eventual decline. 

The Hohokam canals were manifest
ly "starkly functional," whereas the 
roads of the Chaco people, Similarly 
taxing as public works projects built 
and maintained over centuries, seem 
beyond clear necessity. No pack ani
mals, no wheeled carts, traveled those 
roads. Backpacking maize over the dis
tances we see cannot usually pay off in 
energy currency. How can we explain 
the costly Chacoan roads? 

Moreover, the archaeologists point 
out no fewer than 163 Hohokam settle
ments over the entire region that share 
another remarkable piece of public ar
chitecture, a large oval depression or 
two, usually surrounded by earthern 
embankments. Most of these oval sites 
can be dated roughly by a variety of 
not always concordant methods, say, 
by distinctive potsherds found else
where as datable intrusions. (Tree rings 
do not work in the saguaro desert.) The 
earliest Hohokam oval was built about 
A.D. 750, the last around A.D. 1100. 
The largest of about 200 ovals is found 
at a famous village ruin, Snake town, in 
the Salt-Gila River Basin near Phoenix. 

What are those ovals, no more eco
nomic than the Chaco roads may be? 
The answer was already given in the 
1930s; strongly challenged since, it is 
now more or less consensual. They are 
the ballcourts for the sacred ball game 
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we know well from the Mayan cities 
of the Yucatan. They are functionally 
comparable to their Mesoamerican pro
totypes yet different enough in form to 
suggest that it was the ball game and 
not the court construction itself that 
diffused from Mexico. 

"Canals were the spine of Hohokam 
subsistence and settlement; roads were 
filaments in a larger yet looser web at 
the center of which was Chaco Can
yon." So argues one Arizonan archaeol
ogist. But ballcourts? Views are shift
ing. Whereas once common features 
of the settlements of both Hohokam 
and Chaco were seen as the actions of 
rather independent villagers who knew 
a little about each other, a more com
plex centralized system is now pro
posed for both regions. Chaco Canyon 
is a core area poor in resources that 
served as a center for equalization of 
subsistence in a region of varied for
tunes; exchange was ritually maintained. 
Perhaps the road users were often pil
grims of labor or of succor. The ball
courts served Hohokam too as "plac
es for ritual games." Both centers then 
drew in and instructed the outliers, for 
purposes of peacekeeping, planning, 
ritual and resource exchange. Eventu
ally the stress of prolonged drought 
(with rare flooding) overcame the ben
efits of complex organization, and the 
regional systems declined quickly be
low the roughly 30,000 people they 
may each have served at their zenith. 

If you would learn about computer 
simulations of ancient water use or of 
dragging timbers out of the mountains, 
about turquoise, macaws and mosaic 
mirrors, consult the book and its im
posing list of 500 studies! 

Vedas to Vegas 

NET OF MAGIC: WONDERS AND DECEP

TIONS IN INDIA, by Lee Siegel. Universi
ty of Chicago Press, 1991 ($60; paper
bound, $19.95). 

I
t is the fullness of India that most 
astonishes the traveler: a dozen 
tongues, a hundred gods, a thou

sand costumes, a million pilgrimS. In 
spite of such manifold evidences of re
ality, the philosopher-priests of the 
land have since Vedic times contrived 
to ascribe all this wonder to illusion. It 
is maya, the net of the world itself, in 
which Indra, who rules the gods of all 
creation, has entangled every human 
eye and mind. It is not high Indra but 
human beings who affix the claims of a 
less potent magic to his. The kernel of 
the paradox that besets all the magic 
by the most cunning performers is con-
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cisely put by our author: " 'I'm writing 
a book on magic,' I explain, and I'm 
asked, 'Real magic? ' By real magic, 
people mean miracles ... and supernat
ural powers.... Real magic, in other 
words, refers to the magic that is not 
real, while the magic that is real, that 
can actually be done, is not real magic." 

Our guide to India and the magic 
done there, both real and imaginary, is 
himself a scholar-magician, Sanskritist 
and conjurer, professor of religion at 
the University of Hawaii. He is both a 
learned academic and a prepared and 
prying American visitor passing among 
the magicians of India. Convincingly au
thentic where that counts, his book is 
also a funny parody and a wry satire, 
aimed as much at gaudy and deceptive 
Las Vegas as at pretentious Calcutta. 

The structure of the book allows a 
reader to part fact from fiction (so one 
is led to believe, and an external inqui
ry or two did confirm the claim). Field 
notes, traveler's chronicles both of to
day and of ancient Moghul courts, in
structive and amusing fictional models, 
outrageous confidence men and even 
one or two celebrated godmen appear. 
The catchy entertainment manages as 
well to be a serious eye-opener for any 
reader intrigued by the high question: 
What ought we to believe? 

An insider filled with empathy for 
his charming, raffish characters, Profes
sor Siegel sees his work mainly as an 
examination of the aesthetics of won
der. How the magic works is a small, al
most banal part of the entire skein of 
myth that is impliCit behind each per
formance. Siegel does not systematical
ly disclose the cunning simplicities of 
the conjurers, but helpful reality does 
creep in. Those devices are worldwide. 
Indian magic is now infiltrated by the 
gimmicks and illusions of the West. Yet 
so familiar a piece of American stage
craft as the performer's ingestion of a 
batch of needles and thread, to be re
moved at once from the mouth as a 
string of threaded needles, is a very old 
Indian trick, taken westward decades 
ago without attribution. 

A few hints can be given with ad
vantage, although certainly it is not 
really urgent for the author to explain 
just how poor street entertainers are 
able to pick mangoes from trees that 
they grow in a few minutes, step by 
concealed step, from road dust. (By 
the way, photographs taken on Del
hi streets a few years ago show the 
"mango trees" scarcely two feet high, 
as old engravings indeed confirm. That 
does not prevent many an eloquent eye
witness from recounting how the full 
tree towered above them.) General ar
guments alone eliminate all chance that 
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this is a form of instant horticulture. 
But the scientific reader thirsts for a 

few details, to illustrate the well-known 
abstract categories of magic, its misdi
rection, falsified assumptions, variable 
means, and the like. The author gives 
one startlingly simple example. No nor
mal show, it was the specially commis
sioned performance of ritual self-muti
lation by a group of devotees of a cer
tain religious leader in Kerala. Their 
high purpose is to take on themselves 
the pain of their host and patron. They 
in fact do slash their tongues, pierce 
themselves with needles and nails, slice 
their belly skin with daggers. Such pain
ful wounds will heal. But "when the ec
stasy was so intense that it seemed to 
shake the earth," the old leader pushed 
a stiletto point into his eye. "A translu
cent liquid ... dripped down the shin
ing blade." One twist, and the eyeball it
self came visibly out on the knifepoint! 
Reader, your anxiety is misplaced; ac
cording to the host, the old man had 
done this very feat for years. Long be
fore, he had lost one eye for good, in 
some mishap during self-mutilation. 
Now, before every performance, he in
serts a fresh sheep's or goat's eye into 
the empty socket. 

The Indian Rope Trick runs as a mo
tif throughout, with a long, delicious 
solo passage played among the old 
books and the new conjectures of pro
fessionals in India. Its several themes 
can be easily found one by one; ropes 
can be stiffened-the everyday street 
method merely encases a length of 
bicycle chain in a woven cotton tube; 
boys can be levitated; a bloody decap
itation is neatly undone. But the whole 
astonishment remains beyond our test
ing, covered by 1,000 years of ever re
newed myth. One of the book's dream
like chapters discloses to us the mind 
of a magician who imagines that at last 
he has found the modern way: helium! 
(His calculations, alas, are off by a pow
er of 10.) Less ambitious levitations usu
ally follow one of two schools: an iron 
framework hidden under the costume 
of a real person aloft by a yard or two 
acts to cantilever the load to a visible 
central staff; or a feather-light manne
quin gives human semblance to a fig
ure floating in the air. 

Few books tell so much so deeply 
about magic or about the grounds of 
belief itself. In the beginning, magic is 
mainly the word, but that word is of 
man. The magician's witty patter evokes 
unfulfilled desire, personal fear and 
even the sacred. The unvarying ritual, 
the abracadabra of the Indian magi
cian, closes this unique book, itself a 
magic show: Om! Gilli-gilli-gilli! Yantru
mantru-jalajala-tantru ! 
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E S SAY: ANIMAL THINKING by Donald R. Griffin 

�ognitive revolution has rekindled 
scientific interest in human and 

animal thinking. Psychologists 
and ethologists have begun to recog
nize that internal cognitive processes 
such as learning and memory, problem 
solving, concept formation, expecta
tion, intention and decision making 
have important effects on animal be
havior. This, together with computer 
simulation of many types of human 
thinking, has replaced the behaviorism 
that used to recognize only observable 
behavior as worthy of scientific con
sideration. One major facet of behav
iorism has, however, remained strong
ly entrenched: an impliCit assumption 
that all animal cognition is unconscious. 

It is difficult to believe that all ani
mals pass their entire lives as uncon
scious "sleepwalkers." We know very lit
tle about what differences there may 
be between conscious and unconscious 
processing of information, and still less 
what neural processes lead to decisions 
about which of various possible actions 
will achieve desirable results or avoid 
unpleasant consequences. Yet as far as 
we know, the central nervous systems 
of animals operate on the same basic 
principles as human brains, and no 
uniquely human neuronal or synap
tic mechanisms have been discovered. 
Much of the experimental analysis of 
brain function has therefore been based 
on studies of animals. 

This residue of behaviorism is cus
tomarily justified by the claim that al
though animals may have conscious 
mental experiences, these are hopeless
ly inaccessible to scientific analysis, and 
thus hypotheses about them cannot 
be objectively tested. The same skepti
cal philosophical arguments have been 
applied to human consciousness. Yet 
we manage to understand the thoughts 
and emotions of our companions with 
reasonable accuracy, everl though we 
cannot prove precisely what they are 
thinking or feeling. The crucial differ
ence is generally held to lie in the 
unique human ability to report mental 
experiences, largely through our use of 
language. How, then, can we ever dis
cover what animals might be thinking? 

Cognitive scientists who study animal 
behavior have recently begun to ana
lyze evidence that animals sometimes 
experience simple conscious thoughts 
about matters of crucial importance 

to them. Of course, there is an enor
mous difference in complexity between 
human and animal thinking. Animal 
thoughts may well be limited to sim
ple perceptual consciousness, thinking 
about the concrete world-food, pred
ators and social companions-without 
any introspective thinking about the 
thoughts themselves. Thinking about 
the likely results of alternative actions 
is much safer than trying them out in 
the real world, where mistakes are of
ten fatal. 

The versatility with which animals 
cope with the challenges they face often 
suggests that they are indeed thinking 
about what they are doing. Chimpan
zees, for example, prepare sticks suit
able for probing into termite nests, of
ten being obliged to do so at some dis
tance from the place where the probes 
will be used to obtain food. An occa
sional green-backed heron fishes with 
bait. The heron breaks a small twig into 
even smaller pieces, carries one to the 
water's edge, drops it in, watches it in
tently and seizes small fish attracted to 
the floating bait. But behaviorists still 
argue that no matter how skillful or in
genious its behavior may be, there is 
no way of telling whether the animal is 
conscious of what it is doing. 

J\ore promising approach to the 
problem of identifying conscious 

mental experiences arises from 
the versatility and scope of animal 
communication. Although customari
ly viewed as incidental by-products of 
physiological states-roughly analogous 
to groans of pain-some animal signals 
are now known to convey semantic in
formation about significant objects and 
events. These may be statements about 
immediately present situations, for in
stance, the alarm calls of vervet mon
keys that inform their companions what 
kind of predator is threatening and 
thus what escape behavior is called for. 
In other cases, animal signals identify 
things that are not part of the imme
diate surroundings but must be re
membered or anticipated. For instance, 
the waggle dances of honeybees con
vey the direction, distance and desir
ability of food sources, water or cavi
ties suitable for a new colony-all of 
which are removed in time and space 
from the situation where the communi
cation takes place. 
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Animal communication often in
volves reciprocal exchanges, as one ani
mal responds to the signals of another, 
which then alters its own signals in a 
Simple dialogue. Such communication 
sometimes leads to important group 
decisions, like the honeybees' choice of 
which cavity is most appropriate for es
tablishing a new colony. 

When animals make strenuous and 
mutually adjusted efforts to communi
cate with others, they may well be re
porting simple conscious thoughts as 
well as emotional feelings. Of course, 
we cannot rigorously prove this in any 
specific case, any more than we can 
be absolutely certain what other people 
think or feel. But a comparable level of 
useful and generally accurate inference 
seems reasonable. An African Grey par
rot has been trained to use imitations 
of English words to ask for things it 
wants to play with, to answer questions 
about color or shape, to say whether 
two objects are the same or different, 
and, if they differ, whether in shape or 
color. This parrot, and the several chim
panzees who have learned to commu
nicate by means of keyboards or by 
gestures derived from American Sign 
Language, expresses simple statements 
and requests. Although such communi
cation is extremely limited compared 
with the tremendous scope of human 
language, it is quite sufficient to convey 
uncomplicated thoughts. 

The communicative signals that ani
mals exchange provide objective data 
for scientific analysis. For instance, ex
perimental playbacks of recorded calls 
and observation of other animals' re
sponses help clarify just what informa
tion is conveyed. Thus, the critical in
terpretation of animal communication 
constitutes a useful window on animal 
minds. Communicating animals may 
be able to tell us directly and expliCitly 
about some of their thoughts and feel
ings, once we are prepared to listen. 

DONALD R. GRIFFIN is best known for 
his discovery (jointly with Robert Galam
bos) that bats use echolocation. He has 
investigated animal behavior for many 
years while at Cornell , Harvard and 
Rockefeller universities. Since retiring 
from Rockefeller, he continues his work 
at Harvard's Concord Field Station. 
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