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I Don'tdrinkonddrive· 1 

Volkswagen presents another 
J H 

Some carmakers are just now 
e a bringing out four-wheel steering. 

A pretty good idea. 
So good in fact, our German engineers 

looked into it very carefully way back in. 
the Seventies. 

But it posed some real problems. 

You see, "active four-wheel steering," as 
good as it is, requires extra moving parts. 
Extra weight. And extra expense. To you. 

That's just not our way of building cars. 
So we came up with a unique alternative. 
Our patented, track-correcti ng rear ax Ie. 

It turns the rear wheels' alignment into a 
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© 1988 Volkswagen I Seatbelts save lives. I 

radical idea: rear wheels that turn. 
corner. Providing a smoother track. And 
reducing "rear steer" in hard cornering. 

Another sensible way of making 
Volkswagens even more exhilarating for 
you to drive. 

In this complex world, such a simple 
idea may seem radical to some. 

But to us, it's just German engineering. 
The Volkswagen way. 

For more details on 1988 Volkswagens �call 1-800-444-VWUS. 

".,j German engineering. 
� . "  The Volkswagen way. 
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Civilian Casualties from Counterforce Attacks 
Frank N von Hippel, Barbara G. Levi, Theodore A. Postol 
and William H Daugherty 

From the standpoint of civilian casualties, the distinction between a 
nuclear attack on strategic targets and one on cities is largely academic. 
Computer simulations show that counterforce attacks by either side 
against the other side's missile sites, command-and-control centers and 
other strategic targets would produce very high civilian casualties. 

Finding the Anti-Oncogene 
Robert A. Weinberg 

Whereas oncogenes initiate cancer by actively promoting excessive cell 
growth, an anti-oncogene normally constrains growth; lacking it, a cell may 
proliferate out of control. The author and his colleagues have isolated the 
first anti-oncogene, whose inheritance in a mutated, inactive form confers 
an inborn susceptibility to retinoblastoma, an eye tumor. 

Detecting Individual Atoms and Molecules with Lasers 
Vladilen S. Letokhov 

The laser, tuned precisely to the frequency of the radiation emitted or 
absorbed by an atom or a molecule, becomes a highly sensitive probe. It 
can detect minute amounts of one substance in another (plucking a single 
platinum atom out of a trillion molecules of seawater, for example) or 
explore the energetic structure of an atomic nucleus. 

The Insulin Factory 
Lelio Orci, jean-Dominique Vassalli and Alain Perrelet 

Insulin is made in the beta cell of the pancreas-but how, and in what 
stages? Combining biochemistry with advanced electron micrography, the 
authors and others have traced the subcellular assembly line, identifying 
successive workstations where a precursor molecule is synthesized and 
processed into insulin and the hormone is exported from the cell. 

A Close Look at Halley's Comet 
Hans Balsiger, Hugo Fechtig and johannes Geiss 

It has been two and a half years since an armada of spacecraft lifted off for 
a close encounter with Halley's comet. Intensive analysis of the data that 
were telemetered from European, Japanese and Soviet probes confirms the 
"dirty snowball" model of comet structure and provides clues to the nature 
of the materials that formed the solar system. 
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The Fossils of Montceau-Ies-Mines 
Daniel Heyler and Cecile M Poplin 

Some 300 million years ago, when the continents were grouped near the 
Equator, France's Massif Central was tropical. Streams, lakes and estuaries 
teemed with amphibians, fish, arthropods and mollusks, and giant ferns 
covered the hills. A remarkable fossil cache has enabled paleontologists to 
reconstruct what life there was like in the Upper Carboniferous. 

Plasma-sprayed Coatings 
Herbert Herman 

The plasma gun's high-temperature flame can convert almost any 
powdered material into a molten spray. Jet-engine components and other 
parts that will be subjected to fierce heat, mechanical stress or chemical 
attack can now be sheathed in an insulating ceramic almost as easily as a 
coat of latex paint can be laid down with a spray gun. 

The Discovery of the Visual Cortex 
Mitchell Glickstein 

The foundations of today's knowledge of how the brain processes visual 
images were laid over a period of more than a century by a series of 
investigators, many of them now long forgotten. Ironically, knowledge of 
how the world is mapped onto the cortex owes much to the introduction 
of a new high-velocity rifle in the Russo-Japanese War of 1904-5. 
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Introducing the Nikon 
photography is not 

To some people, a 35mm camera is 
little more than an expensive toy. 

To others, its an instrument of self
expression that enriches their lives. A 
recorder of their personal vision and 
creativity. 

It is for these people that the Nikon 
N8008 was created. 

Everything about this camera is 

designed to help the serious photographer 
take better, more inventive pictures. 

Take its Matrix Metering System, for 
example. It uses a five-segment light sen
sor, and a software program developed 
after studying hundreds of thousands of 
photographs to give you a higher percent
age of perfect exposures under a wider 
array of lighting conditions. 

T he N8008 also provides you with the 
worlds fastest 35mm SLR shutter speed: 
VSOOOth sec. A super-fast flash sync 
speed: V250th sec. And the worlds fastest 
built-in motor drive for an AF camera: 3.3 
frames per second. 

T he N8008 will work with 21 years' 
worth of Nikkor manual focus lenses. Or, 
attach a new AF Nikkor lens, and you get 
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N8008.Forpeople towhom 
a hobby, but a passion. 

an incredibly advanced high speed autofo
cus system. T he N8008s focusing is fast 
and precise, in light as dim as one candle. 
This translates into something every good 
photographer craves: increased spontane
ity and a higher percentage of sharply 
focused shots. 

With the advent of the N8008 and the 
new SB-24 Speedlight, flash photography 

has become a new form of creative 
expression. Fill-flash photography, once 
very complicated even for professionals, 
has actually become simple. You can 
master daylight fill-flash, twilight fill
flash, nighttime fill-flash and more. All 
automatically. 

If you've read this far, youTe obviously 
very passionate about photography. And 

you're probably very passionate about get
ting an N8008 in your hands. 

Fortunately for you, that passion can be 
easily fulfilled. U � L All you have to nln'Oft 
do is see your Nikon \\e take the worId's " 
dealer today. greatest pictures.e . 
C!ll1ro:t;u one year membership i.n the Nikon USA Club is free with every SLR purchase !Ilf'f!!t1J/J when you sU,bmil the Nlkon USA <; Jub application. For further informat1On on 

these products, write: Nlkon Consumer Relations Dept. N2Q,l960\ Hamilton Ave., 
Torrance, CA 90502-1309. CI Nikon Inc. 1988. 
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128 formulas at tlie speed Of light. 
The Casio FX-SOOOF 

Formula Calculator. To save 
you the time and trouble of looking 
up or memorizing many of the 
most important mathematical and' 
scientific formulas, we put 128 of 
them in our FX-5000F Formula 
Calculator. And you can call them 
up in a flash. 

The formulas are numbered 
and cover the fields of math, 
statistics, physics, electronics and 
mechanics. Plus you can input 
12 of your own. Just key-in the 
appropriate number and the for-

mula you need appears instantly. 
The alpha numeric display with 
10 digit mantissa plus 2 digit expo
nent is easy to read and scrolls 
to over 70 characters. Its two-line 
display shows both the formula 
and the answer simultaneously. 

And it doesn't stop there. 
Once you've recalled the formula, 
the calculator prompts you to input 
the values of the variables and 
automatically calculates the result. 

The FX-SOOOF's 675 � of 
program memory allow you f{f" 
create. r. pretty sizeable pro-

Casio. Inc. Consumer Products Division: 570 Mt. Pleasant Avenue. Dover. NJ 07801 
asio Canada Ltd .. 2100 Ellesmere Road . Suite 240. Scarborough. Ontario M1H3B7 

grams and store them until needed. 
While an instant replay feature 
lets you review and edit formulas 
at the touch of a button. 

Adding to its usefulness are 
an additional 160 powerful scientific 
functions, for a combined total of 
288 functions and formulas. 

Get your hands on a Casio 
FX-5000F and flash through a 
f8'vV formulas. You'll find it very 
illuminating. 

CASID® 
vn... milpcles never cease 

. . 
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LETTERS 

To the Editors: 
"Solar Polar Bears" ["Science and the 

Citizen," March] is only the latest ver
sion of a story that has been in circula
tion now for almost lO years. The fact 
that the story is largely fictional seems 
to go unnoticed. 

The solar-polar-bear tale is a clas
sic example of scientific folklore. Each 
time it is told, new elements are add
ed, but the essential ingredients re
main the same. Obviously the story 
has wide appeal, and most readers, 
including many scientists, it seems, 
are not aware of its problems. "It must 
be true," they say; "I saw it in the 
newspaper" -or in Time (December, 
1978), Natural History (October, 1981) 
or BBe Wildlife magazine (February, 
1988). Now that it has reached Scien
tific American, can textbooks be far 
away? 

Space does not allow me to outline 
the entire history of this legend, but I 
should like to put your own story into 
perspective. It has been known since 
the late 1960's that the pelts of cer
tain white animals are capable of trap
ping sunlight and converting some 
of it into warmth on sunny days in 
cold environments. The white hairs 
reflect and transmit much of the vis
ible and near-infrared radiation (the 
major components of sunlight) down 
through the pelt, where it is absorbed 
by a dark skin. Skin temperatures well 
above the deep body temperature (37 
degrees Celsius) have been recorded 
in such animals. The heat that is emit
ted from this warm skin then becomes 
trapped by the white hairs, warming 
the layer of insulating air in the pelt. 
Such a "greenhouse effect" is not 
unique to seals or polar bears; it was 
reported in certain arctic and subarc
tic plants and "woolly bear" caterpil
lars as early as 1955. 

The seminal work that spawned the 
legend of "solar polar bears" was a 
more recent observation (but not as 
recent as suggested in your story). 
Working at the University of Guelph in 
the early 1970's, Nils 0ritsland and I 
found that the pelts of several white 
animals, including whitecoated harp 
seal pups and polar bears, absorb 
much of the ultraviolet component in 
sunlight. (Short-wave IN rays make up 
less than 10 percent of sunlight; they 
contribute to the synthesis of vitamin 
D, cause sunburning and tanning and 
in highly reflective environments may 
cause damage to the human cornea, a 

condition known as snow blindness.) 
Since ice and snow reflect IN, we 
found that IN photographs could re
veal "black" seal pups and polar bears 
and also military equipment painted 
"white" for camouflage in the Arctic
but with IN-absorbent paint! (Other 
details of our work as they were out
lined in the story are incorrect, but 
since these details are not essential 
elements of the legend, I shall not go 
into them here.) 

With this brief overview we can now 
evaluate your version of the solar
polar-bear legend. Your piece states 
that polar-bear fur is a "natural col
lector that converts part of the so
lar-radiation spectrum into heat with 
an efficiency exceeding 95 percent." It 
does not say specifically which part of 
the solar spectrum might be involved, 
but I am not familiar with any such 
data. The information with which I 
am familiar suggests that polar-bear 
hair is not nearly as efficient as con
tended in utilizing visible and near
infrared components of sunlight, and 
not nearly as efficient as certain seal 
pelts. Even cow pelts appear to be 
more efficient in this regard than po
lar-bear fur. 

Your piece also states that the polar 
bear is the "most efficient absorber" of 
the IN component in sunlight, but this 
is also not correct. Every white bird 
and mammal we have examined ab
sorbs lN with wavelengths of between 
about 290 nanometers (the shortest 
wavelength found in sunlight) and 320 
nm., and dark-colored birds and mam
mals are much more effective than any 
white animals, including polar bears, 
in absorbing the entire range of IN 
wavelengths in sunlight (between 290 
and 400 nm.). 

The observation that individual po
lar-bear hairs are "actually colorless, 
not white," attributed to Richard E. 
Grojean sometime within the past sev
en years, was actually published by 
0ritsland and Keith Ronald in 1978. 
Their observations pertained only to 
visible and near-infrared radiation, 
not to IN. And to compare a polar-bear 
hair to a "quartz fiber" is nonsense. 
Quartz transmits near-lN (that is why 
quartz lenses are used for IN photog
raphy), whereas, as the piece correctly 
notes, polar-bear hair absorbs IN. 

It is for this reason that mechanisms 
proposed to explain how polar-bear 
hairs trap IN radiation to gain heat 
will not work. In early versions of the 
legend it was proposed that the IN 
somehow entered the hollow core of 
the polar-bear hair, which then func
tioned as a "light pipe" to direct the 
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radiation to the skin. Of course, since 
the IN is absorbed by the prqtein in 
outer layers of the hair, little if any of 
it would actually reach the hollow co.re 
to be transmitted magically down the 
light pipe. Presumably in an attempt 
to overcome this problem, the legend 
has been modified, as is shown in the 
diagram for your piece. Now it is pro
posed that the IN is captured by the 
outer solid part of the hair (labeled 
"Transparent shaft") and aimed "to
ward the skin." Once again there is 
a serious problem: the "shaft" of the 
polar-bear hair is not transparent to 
IN; it absorbs it. 

Yet if a IN-absorbent material could 
significantly improve the effiCiency of 
solar collectors, then, as I have indicat
ed above, researchers would choose a 
highly IN-absorbent dark pelt rather 
than a white polar-bear pelt for the 
purpose. Indeed, if one wants to fill 
solar collectors with hairlike fibers in 
order to absorb more of the solar 
spectrum, why not fill the collectors 
with black hairs? 

This brings me to what is perhaps 
the most perplexing aspect of this bit 
of folklore: the tenuous connection 
between IN radiation and heat from 
the sun. No one to my knowledge 
has demonstrated that IN contributes 
anything to thermoregulation in po
lar bears and other mammals. And 
since IN is only a small part of in
cident solar radiation, it seems pecu
liar to concentrate on this part of the 
spectrum in order to improve solar 
collectors or, as in earlier versions 
of the legend, cold-weather clothing 
for the military. 

D. M. LAVIGNE 

Department of Zoology 
University of Guelph 
Guelph, Ontario 

1948 

ERRATUM 

1956 1964 

ELECTION 

As a result of a mechanical error, a 
curve was omitted from the top illus
tration on page 50 in many copies of 
the July issue. The correct version of 
the graph is shown above. 
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SO AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1938: "Insomnia and 
word-of-mouth advertising have so 
lowered the common-sense level of 
the American people that the sale of 
barbituric acid derivatives has grown 
to enormous proportions. A doctor 
recently told us: 'Th�ir widespread 
use is the greatest disaster that has 
befallen the people in years.' A stead
ily grOwing dependence on drugs that 
are called 'sedatives' but are in real
ity 'hypnotics,' that are called 'non
habit-forming' yet are cumulative 
poisons-a dependence on these is 
bound to total up to much human 
misery and in some cases death." 

"The details of sun-spots and the 
like look sharp in the telescope. Yet 
there is nothing solid there, nothing 
liquid, nothing even as substantial as a 
thin summer cloud, with its tiny scat-

tered drops of water-only gas that is 
hotter in some places than in others. 
But since this gas is full of electron
haze, we cannot see deep into the 
sun-probably only a hundred miles 
or so into the haze. But the haze does 
not, and cannot, prevent a greater 
amount of radiation from escaping 
upward from deeper layers where they 
are hot than escapes where they are 
cooler-and so we have the spots." 

"If you examine a geology textbook 
of the late 19th century, you may find 
mention of the existence of valleys on 
the sea floor. In recent years, however, 
largely as a result of the work of the 
United States Coast and Geodetic Sur
vey, information has become available 
that indicates these neglected subma
rine valleys include some of the deep
est gashes in the face of the earth." 

"There is real promise of a revival 
of interest in rotary-airfoil craft. The 
Army Air Corps, artillery experts, and 
other military authorities have be
come convinced that the Autogiro has 
a unique role to play in military opera
tions, and a number of Autogiros are 
under construction by the Kellett Au
togiro Company, not as experimental 
machines but as additions to the spe
cialized equipment of the Army." 

"Resins made from molasses may 
soon be used to bind road surfaces, if 
experiments now in progress in India 
are successful. The method consists 
of resinifying molasses with coal t�1f 
and asphalt in the presence of acids. 
A combination occurs between the 
sugars of the molasses and the phe
nols contained in the asphalt and tar 
to yield a product insoluble in water, 
which can be applied to the road as a 
liquid and which later solidifies. The 
new compound is expected to be 
cheaper than asphalt." 

SEPTEMBER, 1888: "A new system of 
operatihg passenger railroads in cities 
and towns is shown in our illustration. 
In this system, perfected by Mr. L. A 
Thompson, of Philadelphia, the loco
motive is dispensed with. Hence the 
railway structure may be very light 
and simple, offering but little obstruc
tion to the streets. At the stations, it 
will be observed, there are two undula
tions in each track, a car approaching 
the station being carried up and over 
the slighter elevation of the first un
dulation, where it stops to discharge 
and receive passengers, after which 

L A Thompson's gravity system for rapid transit in towns and cities 
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QUESTAR: 12 on the 
QUESTARR MOUNT 

The Questar 12, latest addition to the Questar family of fine optical 
instruments, now has its own Questar-designed mount. A German 
equatorial type, it is notable for its 3600 continuous tracking in A.A. 
with precision tracking to better than 4 arc seconds. The Questar 
Mount is designed with over-sized components so that it can 
accommodate any Questar up to 18 inches. The standard mount 
shown is straightforward in design but can be modified so as to be 
compatible with more sophisticated tracking devices or other 
special equipment. 

The Questar 12 is a superb instrument for the serious astronomer, for 
the university astronomy department or the engineer seeking 
sophisticated tracking and surveillance equipment for which Questar 
Corporation has a noted reputation. 

Questar Corporation Box 59, Dept. 20, New Hope, Pa. 18938 (215) 862-5277 
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Let us send you our literature 
describing Questar telescopes, 

the wor/d's finest optical 
systems. Please send $3 

for mailing in N.A.; by 
air to B.A. $4.50; 

Eur.; N. Africa $5; 
elsewhere $5.50 

it is carried up over the higher undu
lation beyond. It is then allowed to 
proceed on its way to the next sta
tion under the action of gravity alone, 
whereby a high velocity is imparted to 
the car. As the car arrives at the end of 
each long incline, and without at all 
checking its speed, its gripping mech
anism comes in contact with a moving 
cable, driven at the station, by which 
the car is kept continuously on its 
journey." 

'The perfection in the manufacture 
of gelatino-bromide sensitive com
pounds is now so complete that pho
tographs are readily made instantane
ously with far less trouble than was 
required in the days of the daguerreo
type or of the more recent wet-plate 
process. One of the latest ideas based 
upon the dry process is the produc
tion of an extremely simple apparatus, 
so arranged that it cannot get out of 
order and adapted for use by the veri
est 'greenhorn.' All that is required is 
to point the instrument at the object, 
press a button gently with a finger, 
and the picture is made. Another idea 
is that when a hundred exposures 
have been made, all one has to do is to 
send' the apparatus to the manufac
turers, who do all the work of finishing 
up the pictures. The 'Kodak: for such 
is the name given this apparatus by 
the manufacturers, promises to make 
photography well-nigh universal." 

"Why does the shell of the lobster 
become red on being boiled? The an
swer to this question in general terms 
is that the salts which make the col
or in the shell undergo a chemical 
change by being subjected to the ac
tion of hot water." 

"There has been much said of late, 
in the newspapers and elsewhere, in 
regard to the parallel canals of Mars. 
It may be remarked that, of all the dif
ferent methods of accounting for the 
appearances observed, perhaps the 
least probable is that they are water 
canals. A more plausible explanation 
is that they are due to differences in 
vegetation. Whether the stripes indi
cate vegetation, and the rest is a bar
ren waste, or whether a large propor
tion of the vegetation of Mars is of a 
reddish color, and approaches in tint 
to our coleus and autumn leaves, is a 
matter of no consequence at present. 
If it can be shown that the stripes on 
Mars really change, this will be the 
hypothesis that we shall be forced to 
adopt, or, rather, we should say it is 
the only one presenting no serious 
improbabilities." 
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SCIENCE AND THE CITIZEN 
"Star Wars of the Seas" 
Do the lessons of the Iranian 
Airbus tragedy apply to SDI? 

The missile cruiser U.S.S. Vin
cennes is armed with a $ 1 .2  bil
lion, state-of-the-art air-defense 

system called Aegis. The centerpiece 
of Aegis is a phased-array radar that, 
according to the Navy, can track hun
dreds of airborne obj ects over an area 
nearly the size of Texas. Aegis also 
performs battle management: com
puters analyze data and then recom
mend and even initiate courses of ac
tion. On july 3 the Vincennes made a 
terrible mistake. It destroyed a com
mercial airliner that it had erroneously 
identified as a hostile jet fighter. 

Is Aegis comparable to the Strategic 
Defense Initiative, the shield against 
nuclear missiles envisioned by Presi
dent Reagan? Pentagon officials appar
ently think so. They often call Aegis
admiringly-"Star Wars at sea." Major 
William ]. O'Connell, an SDJ spokes
man, says Aegis proves that "the levels 
of sophistication [that the SDJ's] battle 
management and command and con
trol would require have already ap
peared." Richard L. Rumpf, a deputy 
assistant secretary of the Navy, points 
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out that Lt. General james A. Abraham
son, director of the SDJ, is "very much 
impressed" by Aegis and has ordered 
SDJ designers to "learn from what Ae
giS has." 

To facilitate this technology trans
fer, the SDJ Organization has enlisted 
Capt. john]. Donegan, a supervisor of 
the Aegis program for seven years, to 
manage its phase-l program office. He 
notes that there is at least one funda
mental parallel between Aegis and SOl. 
Although the joint Chiefs of Staff have 
stipulated that a strategic defense 
should have a "man in the loop," it 
may share the capability of Aegis to 
fight independently of human control 
"when there's  absolutely no question 

An SDI system might have even more ambiguous 
data and less time to act than the Vincennes 

WIDE-SCREEN DISPLAYS of an Aegis-equipped missile cruiser (not the Vincennes) 
monitor the seas off the coast of Lebanon in 1984. Photograph (rom the U.s. Navy. 
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about [the threat] and when it's hard 
for a man to react to the situation," 
Donegan says. 

The Vincennes' Aegis had a man in 
the loop when it first detected an air
craft taking off from Iran and heading 
in its direction. Will C. Rogers 3rd, 
captain of the Vincennes, had about 
seven minutes to study the informa
tion supplied him by Aegis and act, or 
not act, on it. The data were confusing. 
The aircraft was apparently emitting 
both a civilian radio Signal and a mili
tary IFF (identification friend or foe) 
code used by Iranian F- 1 4  fighters. 
Unfortunately, all of the sensors and 
computers of the Vincennes could not 
inform Rogers that the putative F- 1 4  
was i n  fact a n  Airbus, a French-built 
plane more than three times larger 
than an F- 14 .  To protect his ship he 
launched two surface-to-air missiles 
at the aircraft. 

The accident illustrates "a classic 
military problem," remarks Thomas F. 
Curry, chief scientist at E-Systems, Inc., 
a defense contractor : "identifying the 
guy you're shooting at." Curry, who 
served as an electronic-combat spe
cialist in the Navy for some 30  years, 
says neither radar nor any other tech
nology now available can tell whether 
aircraft are friendly, hostile or neutral 
solely on the basis of an image. lack
ing clear visual contact, combatants 
may rely on IFF, a "secret password" 
scheme utilizing coded radio signals 
instead of the human voice. But IFF can 
identify only "friends" who have the 
password. Even a correct IFF response 
cannot necessarily be taken at face 
value, since an enemy may have ob
tained the password (as the Vincennes 
apparently did in the case of the Irani
an F- 1 4  code). In spite of the serious
ness of the identification problem, 
Curry notes, systems such as Aegis are 
usually tested only in "total war" situ
ations, in which all unidentified ob
j ects are considered hostile. 

A strategic defense based in space 
would be much more susceptible to 
identification errors than the Vin
cennes, according to Curry and other 
defense analysts. If the SDJ does in
deed include a man in the loop, he 
would be under much more pressure 
than Rogers; the entire U.S., not just 
one ship, would be in his charge. He 
would also probably have less time to 
react than Rogers had. Pentagon offi
cials have acknowledged that a strate
gic defense would attempt to destroy 
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Soviet missiles in the boost stage, be
fore they release their warheads to
gether with obscurants and decoys. 
The boost stage would last perhap s 
five minutes, and less if the Soviets 
deploy fast-burning boosters. 

The electronic "eyes" of an SOl sys
tem may be no sharper than those of 
the Vincennes, and would certainly 
face a much more difficult challenge. 
The proliferation of missiles on Soviet 
ships, submarines and mobile land
based platforms-and the possibil
ity that other countries hostile to 
the U.S. might develop nuclear-armed 
missiles-would necessitate watching 
most of the globe. Satellite-based in
frared sensors, which would probably 
be employed to detect launches, are 
notoriously prone to false alarms. 
Those that now provide the North 
American Aerospace Defense Com
mand (NORAD) with early warning have 
mistaken forest fires and oil-well fires, 
among other phenomena, for missiles. 
The sensors must also distinguish 
threatening missiles from 

·
the 1 00 or 

so boosters that the Soviet Union now 
launches a year. Announcement prior 
to launches might mitigate this prob
lem but would not eliminate it. The 
Vincennes, after all, had a schedule 
book that included Iran Air flight 6 5 5 . 

Unlike Aegis, which has undergone 
years of tests against live targets and 
in combat, a strategic defense could 
be tested only against those threats 
that SOl researchers can imagine and 
simulate, according to John E. Pike, a 
space specialist for the Federation of 
American Scientists. The Iranian-Air
bus tragedy shows that "the world is 
stranger than we can imagine," Pike 
says. "Who would imagine that a civil
ian airliner would emit both a civilian 
and a military IFF?" 

In one final sense, Aegis and the SOl 
are incomparable. The Vincennes' er
ror in judgment cost 290 people their 
lives. A mistake by a strategic defense 
could be vastly more costly. Richard L. 
Garwin of the International Business  
Machines Corporation, a veteran critic 
of the SOl, points out that if both the 
Soviet Union and the U.S. deploy an 
sOl-type system, each side's space
based weapons would be the prime 
target of-and the prime threat to
the other's. In this hair-trigger situa
tion, a meteorite, a piece of space 
debris or a satellite might be mistaken 
for an attack and thus precipitate a 
battle in space. Since strategic defen
ses are likely to be "closely linked" to 
offensive systems, Garwin says, the 
launching of missiles might soon fol
low. He adds: "Then the whole thing 
goes up in smoke." -John Horgan 

Winds of Change 
International talks address 
human effects on climate 

S Purred by a scientific consensus 
that significant greenhouse-ef
fect warming will occur in the 

early decades of the next century, del-
egates from 46 countries at a Confer
ence on the Changing Atmosphere 
held in Toronto have called for an 
urgent action plan. The conferees, who 
included scientists and policymakers 
(but no senior U.S. Government offi
cial), recommended that governments 
initially reduce emissions of carbon 
diOxide-thought to play a maj or role 
in greenhouse warming-by 20 per
cent before the year 2005 .  

Some workers maintain that green
house warming, which results when 
trace gases prevent infrared radiation 
from the earth's surface from escap
ing to space, has already set in; indeed, 
a scientist at the National Aeronautics 
and Space Administration (NASA) is  
searching for a greenhouse "finger
print" in existing data. The four warm
est years in a century of instrumental 
records have all fallen within the 
1 980's, and the first five months of 
1 988 were the hottest five-month peri
od ever recorded. 

One climate analyst, James E. Han
sen of NASA'S Goddard Institute for 
Space Studies, told a Senate subcom
mittee in Washington just before the 
Toronto conference that the recent 
warming could be ascribed "with a 
high degree of confidence" to the 
greenhouse effect. At Toronto the 
delegates kept an open mind about 
whether the greenhouse effect has 
contributed to the warmth of the 
1 9 80's.  They agreed, however, that 
past emissions of greenhouse gases 
make significant warming inevitable. 
Indeed, the most recent computer 
models predict that accumulating 
trace gases will warm the lower atmos
phere sooner than expected. 

Carbon dioxide, which is increasing 
by .4 percent each year because of 
combustion of fossil fuels and the 
destruction of tropical forests, ac
counts for half of the predicted warm
ing. Other greenhouse gases include 
methane, which is increasing at an 
even faster rate, and the synthetic re
frigerants and solvents called chloro
fluorocarbons (CFC'S). 

The consensus view was that a glob
al warming of between three and nine 
degrees Fahrenheit is likely to occur 
by the middle of the next century 
if emissions are not curtailed. It is  
impossible to say what the climatic 
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consequences for particular regions 
would be-the current U.S. dr:ought, 
for example, cannot necessarily be 
blamed on the greenhouse effect. 
Nevertheless, some studies suggest 
that continental interiors will become 
dryer as greenhouse warming occurs. 
The sea level is expected to rise by at 
least 30 centimeters over the next 50 
to 1 00 years. 

Delegates at Toronto stressed that 
the predicted rapid pace of change 
would have far-reaching consequen
ces. For example, it could outstrip 
the ability of forests to respond. It 
would also affect agriculture and the 
lives of millions of people in low
lying deltas. The encroachment of 
seawater on the water supplies of 
coastal communities would be a ma
jor threat. 

To delay the warming and give soci
ety and the ecosystem time to adjust, 
the Toronto conference urged devel
opment of energy poliCies that would 
reduce carbon dioxide emissions. The 
delegates also reiterated an earlier call 
for action on CFC'S.  In addition to their 
warming effect, CFC'S appear to de
plete the ozone layer, which intercepts 
ultraviolet rays in the stratosphere; in 
particular, CFC'S produce the ozone 
"hole" that appears each September 
over Antarctica. As a first step toward 
coping with this problem the Toron
to delegates urged immediate ratifi
cation of the Montreal Protocol on 
Substances That Deplete the Ozone 
Layer, which was signed by 3 1  coun
tries last year and speCifies targets for 
reducing CFC emissions. They also 
urged that the protocol be revised in 
1 990 to ensure near-complete elimi
nation of the most destructive CFC'S 
by the year 2000. 

Those who support an international 
agreement on the atmosphere, such 
as F. Kenneth Hare, chairman of Cana
da's Climate Program Planning Board, 
pointed to the Montreal Protocol as 
a model for coping with the warm
ing problem. Hare suggested that an 
agreement include an inventory of 
substances that should not be re
leased into the atmosphere and a poli
cy to restrict reliance on coal as a 
source of energy in order to reduce 
carbon dioxide emissions. 

As many observers have pointed 
out, however, it is  one thing to call 
for reductions in CFC'S but another to 
ask countries-particularly develop
ing countries-to reduce energy con
sumption. A senior official from Indo
nesia suggested that nations should 
contribute to the cost of protecting 
the atmosphere in proportion to their 
contribution to the problem. 
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The Reagan Administration main
tains that more study is needed before 
any legal framework is considered. 
Neverthele ss,  the Environmental Pro
tection Agency, under a Congressional 
mandate, has initiated studies of the 
regional effects of climate change and 
of policies for mitigating it. 

Some uncertainty about the green
house effect may be reduced by the 
NASA search for evidence that the 
warming has already started. S. Ichtia
que Rasool, NASA'S chief scientist for 
global change, is organizing an inter
agency effort to examine archival data 
from meteorological satellites. In spite 
of more than a decade of discussion 
on the greenhouse effect, no one has 
systematically analyzed all the avail
able data, according to Rasool. His 
low-budget exercise, which would 
search for specific changing atmos
pheric and oceanic temperature pat
terns around the globe, might begin as 
early as this fall. -Tim Beardsley 

Now You See It ... 
An "unbelievable" experiment 
is found to be unbelievable �ter an extraordinary on-site in

vestigation of an experiment 
that reportedly yielded results 

inexplicable by conventional science, 
the influential journal Nature has 
charged that a French research group 
"fostered and then cherished a delu
sion about the interpretation of its 
data." A report describing the disput
ed experiment had been published in 
Nature in late june. It was written by a 
team of 1 3  scientists from four coun
tries, headed by a well-known pharma
cologist at the French National Insti
tute of Health and Medical Research, 
jacques Benveniste. 

The team investigated an allergy
related phenomenon. When a particu
lar kind of antibody encounters a hu
man basophil, a type of white blood 
cell, it binds to a receptor on the baso
phil's surface and triggers "degranula
tion": histamine-containing granules  
within the basophil release their con
tents into the surrounding medium. 
Degranulation can be observed under 
a microscope with standard staining 
procedures. 

The experiments were inspired by 
two of Benveniste's colleagues who 
practice homeopathy, a fringe medical 
philosophy that most scientists reject. 
Implicit in homeopathy is the idea that 
extremely dilute materials can have 
potent effects. The French workers 
sought to discover by how much an 

antibody solution could be diluted 
and still evoke degranulation. The an
swer they arrived at-and still de
fend-was "surprising": a billion, bil
lion, billion, billionfold, at least. 

At such dilutions there is  virtually 
no possibility that even a single anti
body molecule is present. Neverthe
less, Benveniste and his colleagues 
held that successive tenfold dilutions 
of apparently pure water produced a 
response in the basophils that, al
though it repeatedly tailed off, kept 
reappearing at greater dilutions. The 
intrigue was heightened by the fact 
that at each dilution, vigorous shak
ing-a practice favored in homeopa
thy-was necessary for the effect to 
emerge. Benveniste hypothesized that 
a strange self-perpetuating structure 
might be present in water and might 
somehow "remember" that antibodies 
have been present. 

The experiment was successfully 
repeated in six laboratories in four 
countries by different personnel, ac
cording to Benveniste. His report stat
ed that careful scientific controls were 
applied to rule out contamination and 
that "blind" procedures were followed 
so that the experimenters did not 
know, when they assessed the extent 
of degranulation by counting stained 
cells on microscope slides, whether 
antibody had been present in high or 
low dilution, or not at all. 

Nature, uneasy about publishing 
such an extraordinary report even 
though reviewers had been unable to 
find fault with it, published alongside 
Benveniste's paper an "editorial reser
vation" pointing out that the results 
could have "no physical basis." As a 
condition for publishing the report, 
Nature asked that Benveniste allow a 
group of observers to watch the exper
iments as they were being performed 
in his laboratory, a condition Benve
niste accepted. 

Early in july the observers went to 
Paris. They were an unlikely group: 
james "The Amazing" Randi, a profes
sional magician known for his suc
cessful debunking of fraudulent para
normal claims, and his assistant jose 
Alvarez; Walter W. Stewart of the Na
tional Institutes of Health who in re
cent years has spent considerable 
time investigating errors and discrep
ancies in the scientific literature, and 
john Maddox, who is the editor of 
Nature and has a background as a 
physicist. The observers quickly estab
lished that the procedure does not 
work at all times of the year or with 
all blood samples. Benveniste also in
formed them that the first author of 
the Nature report, Elizabeth Davenas, 

tended to produce better results than 
other workers. 

According to Nature's investigation, 
errors in the experimental procedure 
cloud the statistical interpretation of 
the results previously obtained by the 
French workers. The Nature observers 
witnessed the experiment a total of 
seven times. The first three times were 
"open": everyone present knew which 
samples contained which solutions. In 
the fourth experiment, the workers 
did not know which slides they were 
counting. All of these first four experi
ments seemed to show evidence of 
some effect at extraordinary dilutions, 
although the results of the fourth one 
differed in detail from the earlier re
sults. In the final three demonstra
tions a secret coding procedure, con
trolled by Randi, was introduced to 
prevent the experimenters from hav
ing any knowledge of which slides 
they were counting. Under these con
ditions, which the French workers had 
not employed previously, the high-di
lution effect did not emerge at all; 
rather, the results were exactly as 
standard science would predict. 

Nature concludes that "the phenom
enon described is not reproducible in 
the ordinary meaning of that word." 
The observers suggest that self-decep
tion, rather than fraud, probably pro
duced biased results. If so, others 
seem to have been taken in beside the 
original team. Bruce Pomeranz of the 
University of Toronto, one of Benve
niste's coauthors, says he has demon
strated Benveniste's dilution effect 
in Toronto but that his results are 
preliminary. 

Benveniste is angry and dismayed 
by what he sees as unfair play by the 
investigators. He notes in particular 
that the fourth experiment of the sev
en witnessed by the Nature observers 
can be explained only by a genuine 
effect or by deliberate fraud by one of 
those involved, and he says he has 
completely excluded any possibility 
of fraud. He strongly disagrees with 
the Nature team's conclusion that 
data accumulated by the French work
ers contained less experimental error 
than is possible. He also maintains 
that science should not be conducted 
by having observers watch experi
ments. Instead, he says, other labora
tories should repeat the experiments. 

Nature published its critique of the 
experiments, along with a rebuttal by 
Benveniste, on july 28 .  Some scientists 
have criticized Nature for publishing 
Benveniste's study in the first place. 
"It's journalism of the worst kind," 
says Henry Metzger of the NIH, an 
expert on allergic reponses. Others, 
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however, say the exercise will have a 
chastening and therefore ultimately 
beneficial effect on science. Maddox 
says he has no regrets. "We all have 
learned a lot," he remarks, "although 
whether Benveniste will learn any
thing is another matter." - T.MB. 

PHYSICAL SCIENCES 

The Solar Inconstant 
More sunspots = more sunshine, 
but is the weather affected? �tronomers noted more than 1 50 

years ago that sunspots wax and 
wane in number in an II-year 

cycle. Ever since, people have specu
lated that the solar cycle might exert 
some influence on the earth's weather. 
In this century, for example, workers 
have linked the solar cycle to droughts 
in the American Midwest. Until recent-

Iy, however, none of these correlations 
has held up under close scrutiny. 

One problem is that sunspots them
selves are so poorly understood. Ob
servations have revealed that the swir
ly smudges represent areas of intense 
magnetic activity where the sun's radi
ative energy has been blocked, and 
that they are considerably cooler than 
bright regions of the sun. Workers 
have not been able, however, to deter
mine just how sunspots are created or 
what effect they have on the solar 
constant (a misnomer that refers to 
the sun's total radiance at any instant). 

The latter question, at least, now 
seems to have been resolved by data 
from the Solar Maximum Mission satel
lite, which has monitored the solar 
constant since 1 980, the peak of the 
last solar cycle. As the number of sun
spots decreased through 1 986, the 
satellite recorded a gradual dimming 
of the sun. Over the past year, as 
sunspots have proliferated, the sun 
has brightened. The data suggest that 

Sol dims briefly as sunspots appear, then brightens 
as they yield to islands of brilliance called faculas 

SUNSPOTS are encircled by faculas in a photograph, which was made on July 1, 
provided by the National Oceanic and Atmospheric Administration. 
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the sun is .I percent more luminous at 
the peak of the solar cycle, when the 
number of sunspots is greatest, than 
at its nadir, according to Richard·C. 
Willson of the Jet Propulsion Laborato
ry and Hugh S. Hudson of the Universi
ty of California at San Diego. 

The data show that sunspots do not 
themselves make the sun shine bright
er. Quite the contrary. When a sunspot 
appears, it initially causes the sun to 
dim slightly, but then-after a period 
of weeks or months-islands of bril
liance called faculas usually emerge 
near the sunspot and more than com
pensate for its dimming effect. Will
son says faculas may represent re
gions where energy that initially was 
blocked beneath a sunspot has finally 
breached the surface. 

Does the subtle fluctuation in the 
solar constant manifest itself in the 
earth's weather? Some recent reports 
offer statistical evidence that it does, 
albeit rather indirectly. The link seems 
to be mediated by a phenomenon 
known as the quasi-biennial oscilla
tion (QBO), a 1 80-degree shift in the 
direction of stratospheric winds above 
the Tropics that occurs about every 
two years. 

Karin Labitzke of the Free University 
of Berlin and Harry van Loon of the 
National Center for Atmospheric Re
search in Boulder, Colo., were the first 
to uncover the QBO link. They gathered 
temperature and air-pressure read
ings from various latitudes and alti
tudes over the past three solar cycles. 
They found no correlation between 
the solar cycle and their data until 
they sorted the data into two catego
ries :  those gathered during the QBO'S 
west phase (when the stratospheric 
winds blow west) and those gathered 
during its east phase.  A remarkable 
correlation appeared: temperatures 
and pressures coincident with the 
QBO'S west phase rose and fell in ac
cordance with the solar cycle. 

Building on this finding, Brian A 
Tinsley of the National Science Foun
dation discovered a statistical correla
tion between the solar cycle and the 
position of storms in the North Atlan
tic. The latitude of storms during the 
west phase of the QBO, Tinsley found, 
varied with the solar cycle: storms 
occurring toward the peak of a so
lar cycle traveled at latitudes about 
six degrees nearer the Equator than 
storms during the cycle's nadir. 

Labitzke, van Loon and Tinsley ac
knowledge that their findings are still 
rather mysterious.  Why does the solar 
cycle seem to exert more of an influ
ence during the west phase of the QBO 
than it does during the east phase? 
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How does the . 1  percent variance in 
solar radiation trigger the much larger 
changes-up to six degrees Celsius in 
polar regions-observed by Labitzke 
and van Loon? Van Loon says simply, 
"We can't explain it." 

john A. Eddy of the National Center 
for Atmospheric Research, nonethe
less, thinks these QBO findings as well 
as the Solar Maximum Mission data 
"look like breakthroughs" in the 
search for a link between the solar 
cycle and weather. With further re
search, for example, into how the 
oceans damp the effects of solar flux, 
these findings may lead to models 
that have some predictive value. The 
next few years may be particularly rich 
in solar flux. Based on the rate at 
which sunspots have been appearing 
lately, some workers have predicted 
that the current solar cycle, due to 
peak in 1 9 9 1 ,  will produce a record
breaking number of sunspots. -].H. 

Microwave Mystery 
A puzzling new probe of the 
cosmic background radiation 

The faint microwave fuzz that 
pervades the heavens and is 
supposedly the afterglow of the 

big bang has perplexed cosmologists 
lately. For several years, as evidence 
has accumulated that the universe 
consists of clusters of galaxies sur
rounded by vast voids, investigators 
have searched in vain for correspond
ing unevenness within the microwave 
background. Now an entirely different 
puzzle has arisen. Measurements·by a 
team of japanese and American work
ers of previously unprobed wave
lengths in the cosmic radiation sug
gest that it may have been distorted or 
amplified by some mysterious event 
soon after the big bang. 

Cosmologists had assumed that the 
flash from the big bang has come 
down through the ages essentially un
altered, except for a large red shift 
corresponding to the expansion of the 
universe. The assumption was based 
on measurements indicating that the 
microwave background has the dis
tinctive spectrum of so-called black
body radiation. If undistorted by ra
diation from other sources or by 
an intervening medium, the thermal 
emission from a hot object-a toaster, 
a star or the big bang's primordial 
fireball-often resembles black-body 
radiation. The spectrum of such radia
tion always peaks in power at a wave
length dependent on the temperature 
of the obj ect. The peak wavelength is 

shorter, or bluer, for hotter obj ects 
and longer, or redder, for cooler ones. 
The black-body spectrum then drops 
off at shorter and longer wavelengths 
at a characteristic rate. 

Previous observations had shown 
that the microwave background peaks 
at wavelengths slightly longer than 
one millimeter and drops off at longer 
wavelengths-just as black-body radi
ation from an obj ect having a temper
ature of 2 .7 degrees Kelvin would. 
However, workers have never success
fully gauged the spectrum at shorter 
wavelengths, in the so-called submilli
meter band beyond the peak. Extrane
ous thermal emissions, usually from 
the atmosphere or from the experi
mental apparatus itself, have always 
contaminated the measurements. 

The submillimeter band may have 
finally yielded its secrets to a team 
from Nagoya University in japan and 
from the University of California at 
Berkeley. Early last year the group 
launched a helium-cooled radiometer 
some 200 miles above the earth, far 
outside the atmosphere. Data trans
mitted from the instrument showed 
no signs of contamination. What the 
data did show was that the intensity of 
the submillimeter radiation greatly ex
ceeds that expected from a 2 .7-degree 
black body. The excess radiation cor
responds to about 10 percent of the 
total microwave background. "It's an 
enormous effect," according to team 
member Paul L. Richards of Berkeley. 

Although the group published its 
findings in the Astrophysical Journal 
only in june, theorists have been spec
ulating about their meaning for more 
than a year. Indeed, just two weeks 
after publishing the Nagoya/Berkeley 
report, the Astrophysical Journal pub
lished a critique by Cedric G. Lacey and 
George B. Field of the Harvard-Smith
sonian Center for Astrophysics of two 
of the first theories to be put forth. 
One theory holds that during the very 
early stages of the universe the void 
between galaxies was filled with ion
ized gas; hot electrons in this plasma 
imparted some of their energy to pho
tons from the big bang, distorting 
their black-body spectrum. The sec
ond theory posits that supernova ex
plosions of the very first generation of 
stars filled the universe with dust; as 
radiation from other stars heated the 
dust, its glow added to the big bang's 
residual radiation. 

Lacey and Field maintain that nei
ther scenario would produce the ex
cess radiation observed by the Na
goya/Berkeley group. According to 
their calculations, the first would fall 
short by a factor of at least 700 and 
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the second by a factor of at least 2. The 
investigators mention but do riot ana
lyze certain other exotic mechanisms 
that might have supplied the energy 
needed to produce the excess  submil
limeter radiation. These hypothetical 
phenomena include superconducting 
cosmic strings, particles  that decayed 
soon after the big bang and supermas
sive black holes.  

To be sure, there is another, less 
exciting explanation for the submilli
meter measurements. David T. Wilkin
son of Princeton University points out 
that the observations may have been 
contaminated by exhaust from the 
rocket, by ice that gathered on the 
instrument while it passed through 
the atmosphere or by some other, un
known effect. "The history of rocket 
experiments near the infrared spec
trum," he notes, "is filled with errors." 
He adds, however, that the Nagoya/ 
Berkeley team "is very expert. You 
couldn't find a better collaboration." 

Richards says he and his co-workers 
are well aware of the need to corrobo
rate their data. They hope to do that 
with a follow-up experiment next year. 
If the experiment does not eliminate 
doubts about the data's validity, the 
Cosmic Background Explorer satellite, 
also scheduled for launch in 1 989,  
may provide an independent cross
check. The satellite's  primary mission, 
however, is to search for the regional 
"lumps and bumps" that so many cos
mologists now think must be in the 
microwave background. -].H. 

Woody Witnesses 
Tree rings provide evidence 
of an 1812 San Andreas quake 

What can trees reveal about 
earthquakes? Quite a bit, as 
it turns out. When an earth

quake takes place along the San An
dreas Fault, crust lying to the west of 
the fault moves rapidly to the north
west with respect to crust lying east of 
the fault. The shifting and shaking can 
severely traumatize any trees  growing 
on or near the fault: roots growing 
across the fault may be severed and 
the vibration may shake off the tree's 
crown, which includes most of its pho
tosynthetic surface area. If the tree 
survives, its growth may be stunted 
for years, leaving a permanent record 
in the pattern of the tree's annual 
growth rings. An analysis of such tree
ring patterns published in Science 
shows that the intervals between ma
jor earthquakes along the San Andreas 
are surprisingly irregular, so that pre-
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dicting when the next great earth
quake will occur there may be much 
more difficult than has been thought. 

The authors of the study, Gordon C. 
Jacoby, Jr., and Paul R. Sheppard of 
Columbia University's Lamont-Doher
ty Geological Observatory along with 
Kerry E. Sieh of the California Institute 
of Technology, drilled core samples 
from a number of trees near the fault 
and measured the width of each ring 
to within the nearest .0 1 millimeter. 
The rings in each core were dated by 
finding the narrow rings representing 
known drought years. 

The investigators found that nine 
trees growing along a 1 2-kilometer 
section of the fault near Los Angeles 
had experienced severe trauma some 
time between the growing seasons of 
1 8 1 2  and 1 8 1 3  that led to several 
years of poor growth, as evidenced by 
a series of thin or missing rings.  It 
took four of. the trees more than 5 0  
years t o  return t o  normal growth. In 

addition to evidence from ring pat
terns, the shapes of the growing trees  
show that at  least three lost some or 
all of their crown at some time in their 
life, presumably in the course of the 
trauma that stunted their growth. 

The thin and missing rings cannot 
be attributed to drought, since a 
drought results in only a single year of 
poor growth. Fires, insect infestations, 
windstorms and other nonearthquake 
causes can be ruled out by similar 
reasoning; shaking that was due to an 
earthquake on another fault would 
not have damaged only trees  growing 
near the San Andreas. 

The workers suggest that the cause 
of the damage was an earthquake that 
struck California on December 8, 
1 8 1 2 , which was reported in places 
as far apart as San Diego and Santa 
Barbara. That earthquake had been 
thought to have occurred at a differ
ent, coastal fault, because it resulted 
in extensive damage at settlements 

The color of seashells on the seashore may be an 
evolutionary response to physiological stress 

BROWN-SHEU£D SNAILS abound on a shore with constant wave action and mussel 
beds (top); white-shelled snails predominate on a protected beach (bottom). 
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along the California coast, but the 
tree-ring evidence seems to point to 
the San Andreas, Jacoby and his co
workers say. 

If they are correct, then the section 
of the San Andreas Fault near Los 
Angeles experienced two great earth
quakes within a mere 44 years: the 
1 8 1 2  event and a famous rupture in 
January, 1 8 57. Before the supposed 
1 8 1 2  event, that section of the fault 
had lain dormant for about 3 3 0  years. 
The implication is  that the actual time 
between major earthquakes can vary 
considerably from the average inter
val, which is about 1 3 0 years. 

The study comes at an appropriate 
time. The U.S. Geological Survey has 
just released a revised set of calcula
tions estimating a 60 percent proba
bility that a major earthquake will 
strike southern California in the next 
30 years. The work reported in Science 
suggests that the techniques and the
ories employed in arriving at such 
predictions may themselves need to 
be reconsidered. -Ari W. Epstein 

BIOLOGICAL SCIENCES 

The Hard Shell 
Heat stress, not camouflage, 
controls color in an adult snail 

Aany beachcomber knows, snail 
, shells come in different shapes,  

sizes and colors. Even within a 
single species it is not uncommon to 
find considerable polymorphism, or 
variation, in a single trait. Variation is  
the raw material on which natural se
lection operates, and for many years it 
has been thought that variation in 
shell color evolved as protective cam
ouflage in response to birds and other 
visual predators. Brown shells seem to 
be more frequent when the substrate 
is dark, white shells when it is light. 

Now a report in Evolution suggests 
that, in one snail species at least, the 
color of adult snails is related more ro 
physiological stress  than it is  to cam
ouflage. In a series of experiments 
conducted along a stretch of the north 
shore of Massachusetts, Ron j. Etter of 
Harvard University found that in the 
intertidal snail Nucella lapillus, color 
varies according to the nature of the 
coastline the snail inhabits. Along ex
posed areas of the shore where wave 
action is great, the snails are mostly 
brown; in the more sheltered bays 
and inlets the snails are predominate
ly white. 

Etter measured the internal temper-
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ature of both brown and white forms 
under natural conditions at exposed 
and protected sites along the shore 
and found that the extent to which the 
snail absorbs heat is  strongly influ
enced by shell color. In direct sunlight 
brown snails had faster rates of temp
erature increase, reached a higher 
maximum temperature and desiccat
ed more quickly than white snails. 
After one hour in direct sunlight at an 
air temperature of 2 1  degrees Celsius 
and a relative humidity of 64 percent, 
brown snails begin to die; white snails 
show no sign of stress.  

Such differential susceptibility to 
phYSiological stress ,  rather than cam
ouflage, may explain the geographical 
distribution of N lapillus, Etter thinks. 
On exposed shores, where wave action 
is heavy and mussel beds retain water 
when the tide recedes, the more vul
nerable brown snails predominate. On 
protected shores, where wave action is 
limited and receding tides create a 
substrate that is relatively hot and dry, 
white forms are dominant. 

Although brown snails can avoid ex
posure to the sun by moving to more 
shaded and moist microhabitats, Etter 
thinks their greater susceptibility to 
stress  nonetheless puts them at a dis
advantage by limiting their foraging 
area and increasing the amount of 
time they must spend in hiding. This 
in turn could lead to slower growth 
rates and reduced levels of fecundity. 

Does the physiological-stress  hy
pothesis suggest that these snails 
have no predators? "Absolutely not," 
Etter says. Juvenile snails,  which are 
thin-shelled and may measure no 
more than a millimeter in length, are 
abundant in the stomachs and fecal 
pellets of both fish and shorebirds. 
For that reason Etter thinks camou
flage probably does affect survivor
ship among juveniles.  But he hastens 
to add that by the time the snails are 
mature, physiological stress  and not 
camouflage is the important determi
nant of shell color. -Laurie Burnham 

Thrilled to the Marrow 
Biologists finally corner the 
rare forebear of all blood cells 

In almost any introductory biology 
course given during the past 30 
years the instructor probably held 

forth on the subject of stem cells, 
immature cells in the bone marrow 
from which all blood cells-red and 
white alike-are derived. From the 
tone of the lecture, it would be easy to 
assume that someone had actually 

purified these cells from the marrow 
and could point them out under a 
microscope. In fact, stem cells have 
eluded biologists for decades; evi
dence of their existence has been en
tirely indirect. Now stem cells have 
been found at last, and the advance 
holds promise for victims of cancer, 
radiation sickness,  hemophilia and 
anemia. 

Gerald]. Spangrude, Shelly Heimfeld 
and Irving L. Weissman at the Stanford 
University School of Medicine report 
the first unequivocal identification of 
stem cells in a recent issue of Science. 
When they began their investigation 
the workers knew that stem cells do 
not carry the same surface markers as 
mature blood-cell lineages such as red 
cells and lymphocytes; therefore, they 
screened out the cells in mouse bone 
marrow that bound antibodies  to vari
ous lineage markers. They then meas
ured the stem-cell activity of the re
maining cells to see whether they had 
obtained a homogeneous stem-cell 
population or a population diluted 
with more mature marrow cells. The 
most spectacular demonstration of 
their success  came in an experiment 
with mice that had been irradiated to 
inactivate the marrow. When the mice 
were inj ected with just 30  of the pre
sumptive stem cells, half of the ani
mals regained their ability to make all 
varieties of blood cells. 

Heimfeld says stem cells have been 
hard to identify because they are rare, 
comprising only .05 percent of bone
marrow cells, and because they are, 
for the most part, negatively defined. 
That is ,  a stem cell is  the cell in the 
marrow to which most blood-cell anti
bodies will not bind. Finding the prop
er combination of antibody screens 
took the Stanford team six years; the 
antibody that finally clinched the se
lection came from a laboratory in West 
Germany that was studying T lympho
cytes. Now that they have a pure pop
ulation of stem cells to work with, 
Heimfeld says, they can try to raise an 
antibody specific for stem cells that 
would expedite the isolation process.  

The development of several potent 
therapies has been stalled by the in
ability to isolate stem cells. The Stan
ford irradiation experiment demon
strates the potential of stem-cell injec
tions in treating radiation sickness.  It  
is  possible that leukemia could one 
day be treated by remOving a patient's 
healthy stem cells, killing the cancer
ous cells with radiation and then re
inj ecting the stem cells to reconsti
tute the blood. Congenital immuno
deficiencies, anemia and hemophilia 
might be corrected by genetically en-
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gineering and then reintroducing part 
of a person's stem-cell population. 

Before research on such therapies 
can get under way, workers have to 
find out what particular cohort of anti
bodies identifies human, rather than 
mouse, stem cells. Heimfeld thinks the 
markers may not vary much among 
mammalian species, so that the same 
antibody types that zero in on mouse 
stem cells could define the human 
cells as well. A group at the Fred 
Hutchinson Cancer Research Center in 
Seattle has already managed to narrow 
the field considerably: their antibodies 
culled cells from human marrow that 
have kept irradiated baboons alive. 
And the Stanford group has bred a 
mouse strain that can be used to test 
human stem-cell activity. With these 
projects begun, Heimfeld thinks isola
tion of the human cells may be only a 
few years away. -Karen Wright 

TECHNOLOGY 

Safer Skies? 
The FAA is trying to reduce 
the midair-collision threat 

F lying the friendly skies has be
come a nerve-wracking busines s  
for airline pilots: the number o f  

midair near-collisions reported t o  the 
Federal Aviation Administration (FAA) 
rose from 3 1 1  in 1 982 to 1 ,063 last 
year. More than three-quarters of the 
near-collisions included at least one 
private or other noncommercial air
craft flying not under the direction of 
air-traffic controllers but on "visual 
flight rules." Pre ssure on the FAA to do 
something has been intense. 

In June the FAA issued a long await
ed regulation that significantly ex
pands the areas within which all air
craft must carry a Mode-C transpon
der : a device that reports altitude 
automatically when it is interrogated 
by ground radar. Controllers can im
mediately see on their radar screens 
whether an aircraft equipped with a 
Mode-C transponder is a threat to oth
er aircraft under their control. 

The new FAA rule means Mode-C 
transponders will have to be used by 
all aircraft within 30 miles of the 2 7  
busiest airports in the country and 
in smaller control zones around I I I  
medium-activity airports. At present 
they are required only within control 
zones close to the busiest airports. 
The new rule also requires aircraft to 
use Mode-C transponders at altitudes 
above 1 0,000 feet. Pres sure from Con-
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gress and strong lobbying by the Air
craft Owners and Pilots Association 
and other groups forced the FAA to 
back off from an earlier proposal. It 
would have required use of the tran
sponders on all planes flying within a 
40-mile radius of both large and medi
um-size airports and anywhere above 
6,000 feet; currently fewer than half of 
all nonairline planes are so equipped. 

Besides providing better informa
tion to ground controllers, the tran
sponders improve the effectiveness  of 
a radar alert system called TCAS (Traf
fic Alert and Collision Avoidance Sys
tem). TCAS, which is carried on airlin
ers, suggests avoidance maneuvers to 
pilots if another plane is approaching 
too closely. A TCAS that gives instruc
tions for vertical maneuvers has al
ready been tried out on several com
mercial airliners. A more sophisticated 
version called TCAS III should eventu
ally suggest lateral as well as vertical 
maneuvers, but its development has 
been delayed. 

The Air Line Pilots Association ar
gues that the FAA's proposed 6,000-
foot ceiling for aircraft lacking tran
sponders should have been retained, 
because a growing number of com
muter planes fly between 6,000 and 
1 0,000 feet and will be equipped with 
TCAS. It also believes the control zones 
around medium-activity airports are 
inadequate. But the association plans 
to join private pilots in asking the FAA 
to relax the requirement that the tran
sponders be used even at low alti
tudes within a 30-mile radius around 
busy airports. Both groups agree that 
requirement could cause confusion 
for controllers. 

Whatever minor revisions may be 
proposed, the FAA-with urging from 
the National Transportation Safety 
Board-has decided to accelerate its 
plan to install systems to alert con
trollers when an uncontrolled plane 
equipped with a Mode-C transponder 
comes too close to a controlled one. 
Rather than wait for the new air-traffic 
computer system scheduled to be in
stalled late in the next decade, the FAA 
has ordered that existing systems be 
modified to achieve the alerting capa
bility by 1 9 9 1 .  - T.M.B. 

Phase Transition 
Electrorheological fluids 
flourish in drought 

Phase changes are a fact of daily 
life : cooling water sufficiently 
changes it to ice; heating water 

changes it to steam. Heat is not the 
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only agent that can cause phase tran
sitions. Since the 1 940's it has been 
known that electric fields can induce 
certain materials in a fluid state . to 
become increasingly viscous and then 
solid. Such materials are called elec
trorheological fluids, or ERF'S .  Recent 
progress  in the field has propelled 
ERF'S from a laboratory curiosity to a 
promising technology. 

A typical ERF consists of fine parti
cles of glass,  limestone or even starch 
suspended in a nonconducting flUid, 
for example, transformer oil. When 
several thousand volts are put across 
a cell  containing this kind of mixture, 
the suspension can become as solid as 
Jell-O within a fraction of a second. 
Although no one understands quite 
how ERF'S work, many applications 
immediately suggest themselves,  in 
particular a number relevant to the 
automobile industry: electrically ad
justable brakes,  valves, suspension 
and transmission systems, solenoids 
and clutches. 

The trouble with traditional ERF'S is 
that they all contain water, which in
deed was assumed to be an essential 
element: without it an ERF would not 
be able to change from liquid to solid 
form. Water tends, however, to cor
rode any parts of the device exposed 
to it and restricts the temperature 
range of operation as well. Below zero 
degrees Celsius the water freezes and 
above 70 degrees  it evaporates. When 
water evaporates, increased electric 
currents heat the ERF, making it weak
er ; a greater electric field must then be 
applied to strengthen it, which makes 
the ERF hotter yet. The water boils off 
and thermal runaway results. 

Now the water problem may have 
been solved. Last year Hermann Block 
and Jeffrey P. Kelly of the Cranfield 
Institute of Technology in England re
ceived a patent for a "substantially 
anhydrous" ERF: an ERF that functions 
without substantial amounts of water. 
Their fluid consists of a semiconduct
ing organic polymer suspended in oil 
that can operate between -30 and 200 
degrees C. 

U.S. researchers have not been idle. 
In May Frank E. Filisko and William E. 
Armstrong of the University of Michi
gan at Ann Arbor also received a pat
ent for a class of ERF'S "substantially 
free of adsorbed water." The Michigan 
ERF'S are made from alumino silicate 
ceramic particles immersed in oil and 
have been tested at temperatures of 
up to 300 degrees.  

Neither patent quantifies the phras
es "substantially anhydrous" or "sub
stantially free of adsorbed water." The 
Cranfield group has publicly claimed 
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that their ERF has less than 5 percent 
water, whereas Filisko says his ERF 
operates "down to any detectable level 
of water," meaning less than one part 
per million. Will conflicting patents 
generate legal problems? The English 
and American ERF'S differ substantial
ly in composition but, Filisko says, 
"anytime more than a dollar is in
volved, there are legal problems." 

More than a dollar is clearly in
volved. Since receiving his patent Filis
ko has been approached by Chrysler, 
Ford, GM, TRW, Exxon, Toyota, Mitsu
bishi-"you name it"-and has talked 
to more than 1 00 companies about 
potential applications. The scientific 
task, meanwhile, is to find a physical 
explanation for the behavior of ERF'S .  
"The explanations people give now are 
wrong," Filisko maintains. He hopes to 
have a correct model in about a year, 
but for now he refuses to speculate on 
the mechanism behind the ERF phase 
change. - Tony Rothman 

Pitching Electrons 
Momentum spectrometers 
expose the shape of orbitals 

Pitching a quadrillion baseballs to 
throw one strike may not be the 
best way to play baseball, but 

shooting a quadrillion electrons at an 
atom seems to be an excellent way to 
observe electrons swarming around 
the nucleus. This lavish strategy un
derlies a device called the electron
momentum spectrometer (EMS). The 
EMS, after a decade of development 
and analYSiS, has provided the first 
direct observations of specific elec
tron orbitals (the paths traced by 
electrons around the nucleus), thus 
revealing molecular structure and 
bonds in unprecedented detail. 

For physicists, electron-momentum 
spectroscopy should provide a way to 
understand the complex interactions 
of the many nuclei and electrons that 
make up a molecule. For chemists, the 
EMS should unfold a molecular map 
showing how particular molecules will 
interact · to produce compounds and 
chemical reactions. 

The realm the electron-momentum 
spectrometer explores is inherently 
imprecise. Unlike the path of the 
moon around the earth, the exact path 
of electrons around atoms cannot be 
determined. This follows from Heisen
berg's uncertainty principle, which 
holds that if position is determined, 
momentum information is lost, and 
vice versa. Electron orbitals describe 
instead the probability that an elec-
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tron has a certain momentum and 
occupie s a particular position in space 
at a particular time. 

The electron-momentum spectrom
eter measure s orbitals by firing probe 
electrons of known energy and mo
mentum at target molecules in a gas. 
Some probe electrons will knock a 
target electron with unknown energy 
and momentum away from its molec
ular host. The EMS detectors record 
collisions in which a probe and a tar
get electron move at the same velocity 
and veer off at 4 5 -degree angles from 
the probe traj ectory. These conditions 
ensure that the transfer of momen
tum is maximized; electrons from the 
same collision can be identified on the 
basis of their coincident detection. By 
measuring the final momentum and 
energy of the probe and target elec
trons, one can calculate the initial mo
mentum and kinetic energy of the tar
get electron. 

To deduce the particular orbital 
from which the target electron was 
detached, only the electron's initial 
energy is needed, because each orbital 
has a characteristic energy level. To 
determine the shape of the orbital, the 
EMS must first detect enough elec
trons to establish a probability curve 

STAIR-WALKER at the Georgia Institute 
of Technology, outfitted with a harness 
and reflectors, breaks an electric-eye 
beam, causing the staircase to collapse 
and a strobe-lit camera to switch on. 

for the momentum. Since typically 
only one electron will hit the detector 
for every quadrillion fired into the gas 
per minute, a single experiment can 
last for weeks. Once the data are col
lected, the position probability and 
orbital shape can be assessed with a 
complex mathematical calculation. 

Although the new spectroscopy was 
first tested in Italy and Australia in 
1 9 7 3 ,  acceptance of the technique was 
delayed by the emergence of discrep
ancies between predictions from mo
lecular quantum theory and measure
ments by the EMS. At first some inves
tigators suspected that the fault lay 
with the EMS. Then in April, 1 9 8 7, in an 
analysis of water molecules, Alexis O. 
Bawagan and Christopher E. Brion of 
the University of British Columbia and 
Ernest R. Davidson and David Feller 
of Indiana University determined that 
the theoretical predictions, and not 
the measurements by the EMS, were 
in error. -Russell Ruthen 

All Fall Down 
Researchers stumble 
to make stairs safer �many as 2 .6 million people are 

injured in the U.S. every year 
while climbing or descending 

stairs, according to Government sta
tistics. Only automobiles cause more 
injuries. That is why for the past two 
years the National Science Foundation 
has been paying workers at the Geor
gia Institute of Technology to fall 
down stairs. The goal is to learn how 
people hurt themselves on stairs and 
so to make stairs safer, according to 
Deborah Hyde, who with John Tem
pler, also of Georgia Tech, supervises 
the proj ect. 

Subj ects of the experiment, wearing 
a padded suit and crash helmet and 
suspended in a parachute harne ss,  
walk up or down a 1 2 -step, pneumati
cally controlled staircase. When a sub
j ect breaks an electric-eye beam pre
ceding one of the steps, the step col
lapses.  A camera equipped with a 
strobe light films the resulting tumble. 
"The obj ect is to generate a set of data 
points and make a computer simula
tion," Hyde notes. "Then we can find 
out how and where people land and 
with what force." This information in 
turn should suggest how stairs can be 
made more forgiving. 

Hyde and her co-workers are already 
searching for materials that can ab
sorb the shock of a falling body and 
yet are not so "springy" as to throw 
someone off-balance. The investiga-

3 2  SCIENTIFIC AMERICAN September 1988 

tors have considered materials used 
in automobile dashboards, bulletproof 
ve sts and gym mats, as well as nov
el foams developed at Georgia Tech. 
"But it could be something as simple 
as carpeting with a soft underlayer," 
Hyde says. -JH. 

OVERVIEW 

Clouded Crystal Ball 
Predictive medical tests raise 
legal and ethical questions 

F ew people doubt that the past 
few years'  progre s s  in under
standing the molecular biology 

of many diseases will ultimately lead 
to new therapies. Usually, however, 
such new understanding suggests 
ways to predict, diagnose and monitor 
disease before it leads to cures.  Diag
nostic and predictive tests are now 
becoming available for far more dis
eases than was the case in the past. 
Tests that assess the likelihood of 
cardiovascular disease by looking at 
the composition of blood lipids have 
become standard; screening of neo
nates for phenylketonuria, which can 
cause brain damage if untreated, is 
almost universal. Many more tests 
now being developed will be able to 
peer farther into a patient's future. 
They will raise hosts of questions
questions that lawyers and ethicists 
are only beginning to consider. 

For example, probes are already 
available that detect characteristic an
tigens in the blood from metastatic 
tumor cells "months if not years" be
fore metastasis becomes clinically evi
dent, according to Morton K Schwartz 
of the Memorial Sloan-Kettering Can
cer Center. Helping patients to cope 
with such disturbing news is becom
ing increasingly difficult, he says, par
ticularly if a cancer had been pro
nounced cured and if the impending 
spread seems likely to be untreatable. 

Often a test helps a physician to 
clarify a prognOSiS, thereby suggesting 
how aggressive treatment should be. 
For example, the Food and Drug Ad
ministration is considering approval 
of a diagnostic test that improve s de
tection of a particular chromosomal 
rearrangement often seen in patients 
with chronic myelogenous leukemia. 
Te sts that detect the presence in un
usual numbers of particular onco
genes-genes implicated in the causa
tion of cancers-or the absence of 
growth-suppre ssing anti-oncogenes 
are likely to be even more Significant, 
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Schwartz says; some may predict ma
lignancy before any disease is appar
ent clinically. 

Diagno stic information can have 
damaging consequences if it gets irito 
the wrong hands. The test for antibod
ies to the AIDS virus is a notable exam
ple. In spite of all the evidence that 
AIDS cannot be transmitted by casual 
contact, a po sitive result has frequent
ly led to discrimination and, in some 
cases, to violence against the person 
tested. "Confidentiality is critically im
portant," says Alan P. Brownstein of 
the National Hemophilia Foundation. 
Many of the foundation's members 
have been infected with the AIDS virus 
by contaminated blood products. The 
degree of confidentiality normally giv
en to medical records is insufficient, 
Brownstein argues:  he points out that 
such records are often displayed in 
semipublic places such as nurses'  
workstations and are discussed casu
ally by health professionals. 

Some jurisdictions already have leg
islation prohibiting discrimination 
against people infected with the AIDS 
virus. Admiral James D. Watkins, the 
chairman of the Pre sident's Commis
sion on AIDS, made a strong plea in his 
recent report for Federal laws to pro
hibit discrimination against infected 
individuals. Watkins' plea may be go-

ing unheard: a bill currently working 
its way through Congre ss that would 
provide funds for AIDS-antibody test
ing has been stripped of its confidenti
ality provisions by a committee of the 
House of Representatives. 

If legislation to protect people in
fected with the AIDS virus is passed, it 
could pave the way for laws to protect 
those diagnosed with other condi
tions. The danger that a test will be 
misused seems to be greatest when it 
predicts a condition or a predisposi
tion a long time before any illnes s  
shows itself naturally, according t o  
Kenneth L .  Vaux, a n  medical ethicist a t  
the University of Illinois a t  Chicago. 

Tests that indicate a predisposition 
to a given disease are also particularly 
valuable, since they can suggest strat
egies for prevention. A company called 
Focus Technologies, Inc., in Washing
ton, D.C., has experimentally offered a 
battery of diagnostic tests in combina
tion with counseling to more than 600 
employees of a local telephone com
pany. The company plans to offer the 
package more widely but intends to 
include only those tests that suggest 
preventive or mitigating measures, 
such as tests for a predispo sition to 
diabetes, cardiovascular disease or 
gum disease. 

Tests based on analyzing DNA raise 
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the most difficult questions because 
they often bear on reproductive deci
sions. At present they are being done 
only on a small scale in a few medical 
centers, usually for rare conditions 
such as cystic fibrosis, muscular dys
trophy or polycystic kidney disease. 
The results are now generally used to 
help potential parents decide whether 
to conceive or to determine whether a 
fetus has inherited a genetic disease. 
The applications may become broad
er : the approximate locations of genes 
that play a role in more common dis
eases, such as Alzheimer's disease, 
cardiovascular disease and even some 
mental illnesses,  have all been identi
fied. Genetic testing for susceptibility 
to such conditions is probably only a 
matter of time. 

No disease illustrates the difficulties 
of knowledge without a cure more 
starkly than Huntington's disease, a 
devastating and fatal late-onset neu
rological disease that develops inevi
tably in people who inherit a particu
lar defective gene from an affected 
parent. Diagno sis is accomplished 
through analysis of restriction-frag
ment length polymorphisms, or RFLP'S 
(see "Chromosome Mapping with DNA 
Markers," by Ray White and Jean-Marc 
Lalouel; SCIENTIFIC AMERICAN, Febru
ary). Several medical centers have re-
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cently begun to offer tests for Hunt
ington's disease. 

At the Boston University Medical 
Center, 45 patients at risk of develop
ing the disease because they have an 
affected parent have elected to take 
the test and receive counseling. Al
though some counselors feared that 
a positive test result could make pa
tients suicidal, there have been no 
such tragic consequences. Test re
sults have, however, led to broken 
marriages, according to Nancy S. Wex
ler, president of the Hereditary Dis
ease Foundation, who runs a similar 
program at Columbia University. They 
also raise agonizing dilemmas about 
the limits of confidentiality when 
someone wants to conceal a positive 
result from a spouse. 

"The rule of thumb is that test re
sults should be kept confidential," 
Wexler says, but testing and coun
seling for Huntington's disease can 
cost as much as $4,000, and insurance 
companies are likely to see the results 
of a test if an insurance claim is filed. 
Moreover, Wexler says she has come 
across cases in which insurance com
panies have charged higher premiums 
on the mere suspicion that some
one might have a genetic disease-if 
they learn, for example, that a client 
has an affected parent. Insurance is 

"the major problem," she remarks. 
Insurance companies, for their part, 

argue that they need access  to any 
diagnostic-test results to which their 
clients have access. Otherwise, Robert 

]. Pokorski of the Lincoln National Life 
Insurance Co. points out, clients with 
an unfavorable prognosis could over
insure themselves, thus in effect ex
ploiting the healthy. Vaux disagrees,  
saying that most medical information 
should remain part of the "mystery of 
one's being." At present only blood
lipid tests are routinely required by 
insurers.  New tests. will probably lead 
eventually to a reconsideration of the 
concept of health insurance, accord
ing to Lori B. Andrews of the American 
Bar Foundation, who is studying legal 
aspects of medical genetics .  

Mark A Rothstein of the Health Law 
Institute at the University of Houston 
foresees another area of difficulty. He 
points out that the large-scale genetic 
testing some employers did in the 
early 1 980's was intended to screen 
out workers who might be peculiarly 
susceptible to injury by their working 
conditions-for example, by exposure 
to chemicals. In the future, he believes, 
companies may seek to administer 
long-range predictive tests that would 
instead provide information about a 
worker's probable medical expenses 

and absenteeism. Rothstein sees po
tential for injustice in that area, since 
most medical tests have significant 
error rates. 

Vaux concedes that in some situa
tions the presumption of confidential
ity should be waived. Few people 
would want to see someone who is 
known to be at high risk of an early 
heart attack employed as an airline 
pilot, for example. Such instances 
should be the exception rather than 
the rule, Wexler believes. 

Congress  has not yet addressed 
these issues.  It will be important to 
ensure that lawmakers are thorough
ly briefed, Andrews says. She argues 
that poorly conceived laws that were 
passed in the early 1 9 70's, which man
dated the screening of newborns and 
children for sickle-cell disease, did 
much to bring screening programs 
into disrepute: legislators failed to 
distinguish between someone with 
the sickle-cell trait (who has only one 
sickle-cell gene) and someone actually 
affected by the disea·se. The distrust 
engendered by that mistake is  now 
impeding attempts to introduce sick
le-cell screening programs for new
borns. According to a review done re
cently by the National Institutes of 
Health, such programs could now be 
saving lives. - Tim Beardsley 
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Civilian Casualties 

from Counterforce Attacks 
New estimates of the number of civilian deaths resulting 

from nuclear attacks by one superpower on the strategic forces 
of the other further undermine the rationale for such attacks 

by Frank N. von Hippel, Barbara G. Levi, Theodore A Postal and William H. Daugherty 

T
he ratification of the agreement 
between the U.S. and the Soviet 
Union to ban all intermediate

range nuclear missiles and the appar
ent progress in the so-called Strategic 
Arms Reduction Talks (START), which 
have as their primary aim a 50 percent 
cut in the number of long-range ballis-
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tic-missile warheads, have given many 
observers reason to be optimistic 
about the prospect for further reduc
tions in nuclear arms. Further reduc
tions, however, will require the U.S. 
and the Soviet Union to reassess many 
of the military missions they have 
planned for their nuclear forces in the 
event of war. 

The missions that would be most 
affected by further nuclear-arms re
ductions are generally known as coun
terforce missions. Their purpose is to 
destroy the military capabilities of the 
opponent, including nuclear and non
nuclear forces as well as the industri
al base on which the forces depend. 
Since an opponent's strategic forces 
represent the greatest threat, they are 
considered to be the highest-priority 
targets for counterforce missions. B�
cause there are thousands of potential 
targets for a strategic counterforce 
mission, it requires a nuclear arsenal 
of vast size. 

Many defense analysts argue that 
threatening to destroy a variety of 
military targets deters limited aggres
sion more effectively than threatening 
to attack cities, because such threats 
are less likely to elicit a devastating 
counters trike against the cities of the 
attacker and can therefore be made 
more credibly. In addition the coun
try that first executes such missions 
might hope to destroy many more 
of the other side's warheads than it 
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employs in carrying out the attack. 
Such a lopsided exchange is made 
possible by modern nuclear missiles 
that carry multiple warheads, each of 
which is capable of destroying a dif
ferent target. Unfortunately the per
ception that one might gain by strik
ing first leads to crisis instability: each 
side is tempted to preempt the other 
side's attack if nuclear war appears 
inevitable. 

That dangerous situation can be 
prevented if nuclear forces are struc
tured in such a way that neither side 
would gain an advantage by striking 
first. A START agreement as outlined 
in the current negotiations would not 
achieve thiS, since it would allow each 
side to retain its most modern mul
tiple-warhead missiles. Crisis stability 
can be achieved by ensuring that re
duced nuclear forces incorporate sin
gle-warhead intercontinental ballistic 
missiles (ICBM'S) and survivable basing 
modes for all weapon launchers. Such 
a nuclear-force structure, however, is 
incompatible with the strategic coun
terforce mission. 

But does the U.S. or the U.S.S.R. need 
to rely on a strategic counterforce 
mission to prevent nuclear aggres
sion? Does' it really provide a more 
credible deterrent by threatening mili
tary targets and not civilian ones? Our 
calculations suggest the answer is no: 
they show that a large-scale attack on 
strategic forces would cause so many 
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civilian casualties that it would be dif
ficult to distinguish from a deliberate 
attack on the population. 

C
uriously enough, the number 
of civilian deaths that counter
force attacks would cause re

mains largely a neglected topic in the 
nuclear-weapons policy debate. Even 
during the 1980 presidential cam
paign, when the vulnerability of u.s. 
ICBM'S became a political issue, the 
civilian casualties that would result 
from an attack on the ICBM'S was not 
even mentioned. Indeed, we know of 
only one public discussion of the sub
ject by the U.S. Department of De
fense-and that took place in 1975 
[see "Limited Nuclear War," by Sidney 
D. Drell and Frank von Hippel; SCIEN
TIFIC AMERICAN, November, 1976]. We 
reexamine the subject here in order to 
present estimates of the civilian casu
alties from a U.S. attack on Soviet stra
tegic forces as well as the reverse. In 
doing so we gauge the impact of 
changing some of the assumptions 
made by the Defense Department in 
estimating U.S. casualties. 

In our calculations we considered 
the consequences of attacking with 
nuclear weapons 1,2 15 military facili
ties in the U.S. and 1,740 military facili
ties in the U.S.s.R. All but approximate
ly 100 of the targets on each side are 
either missile silos or their associated 

launch-control centers. The disparity 
between the numbers of targets is due 
to the fact that the Soviet Union has 
more missile silos than the U.S. Other 
targets on the lists are bases for long
range bombers, ballistic-missile sub
marines, aircraft carriers and ships 
carrying long-range, nuclear-armed 
cruise missiles. Furthermore, we as
sumed that early-warning radar instal
lations and key command-and-com
munication facilities would also be 
struck by nuclear weapons in order 
to effect the maximum surprise and 
blunt the effectiveness of any retalia
tory attack. (It should perhaps be 
pointed out that some defense plan
ners argue against attacking com
mand-and-communication facilities, 
since it could preclude a negotiated 
end to the conflict.) 

The list of targets in the U.S. in
cludes major nuclear-weapon depots 
and bases for the tanker aircraft that 
would refuel U.S. bombers on the way 
to and from their targets in the Soviet 
Union. The list of targets in the U.S.S.R. 
includes anti-ballistic-missile launch
ers around Moscow and bases for mo
bile intermediate-range missiles and 
nuclear-armed bombers, which could 
be employed to attack facilities of the 
North Atlantic Treaty Organization in 
Europe. 

A review of the listed targets indi
cates that many of them lie in or near 

major urban areas. (Their approximate 
locations are known from the enor
mous amount of information that is 
made public by the U.S. Defense De
partment.) In the U.S., for example, 
tanker aircraft are based at airports 
near Chicago, Milwaukee, Phoenix and 
Salt Lake City; Navy bases for nuclear
armed vessels are situated in San 
Francisco Bay and at Long Beach near 
Los Angeles (and one is planned for 
Staten Island in New York Harbor); key 
command posts are in the vicinity 
of Washington, D.C., and Navy radio 
transmitters are located in or near 
Jacksonville, Sacramento and San Die
go. In the U.s.S.R. there is a similar 
colocation of strategic-weapon facili
ties and urban areas: Moscow is ringed 
with underground command bunkers; 
Leningrad is the headquarters of the 
Baltic fleet; Vladivostok is a home port 
for ballistic-missile submarines, and 
many ICBM fields are found in the 
densely populated western region of 
the country. 

We assigned nuclear weapons to 
each target and specified their mode 
of employment according to target 
type. If the target was an ICBM silo 
or its associated launch-control cen
ter, the most accurate ballistic-mis
sile warheads were assigned to it, 
because such "hard" targets can be 
destroyed only by powerful nuclear 
weapons detonated no more than a 

DEVASTATION wrought by the Allied incendiary attack on 
Hamburg in July of 1943 approaches what would result from 
huge conflagrations ignited by nuclear explosions over mod
ern urban centers. The fire damage would extend beyond the 

areas affected by the blast of the explosions. The authors have 
taken the possibility of such "superfires" into account in 
estimating the number of civilian deaths associated with nu
clear attacks on the strategic forces of the U.S. and the U.S.S.R. 
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few hundred meters away. The fire
balls of such explosions would inevi
tably come in contact with the ground, 
and as a result they would produce 
large amounts of radioactive fallout. 
In keeping with standard military 
planning, such facilities were targeted 
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with two nuclear warheads to ensure 
against the failure of one of them. 

If the target in question was an air
base, we assumed it would be attacked 
not only with one large warhead det
onated at or near ground level but 
also with some 15 warheads detonat-
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HOW MANY NUCLEAR WEAPONS does it take to deter a nuclear attack? According 
to the "assured destruction" criterion first laid out in the late 1960's by Secretary 
of Defense Robert S. McNamara, the capability of detonating-in a retaliatory at
tack-200 equivalent megatons over Soviet cities would effectively deter the U.S.S.R. 
(An equivalent megaton represents a combination of nuclear weapons whose blast 
damage equals that of a one-megaton explosion.) The authors' calculations (top) 
show that such an attack on the U.S. (blue) or on the Soviet Union (red) would result 

in prompt fatalities amounting to as much as 40 percent of the population (about 
100 million people) if the lethal effects of superfires are taken into account. As 
can be seen (bottom), both the U.S. and the U.S.S.R. have substantially more equiv
alent megatons in their respective strategic arsenals than are necessary to meet 
McNamara's assured-destruction criterion-even after their strategic forces have suf
fered a "worst case" nuclear attack. The excess weapons are justified largely on 
the grounds that they are required to execute "counterforce" attacks on military 
facilities, in particular those associated with the nuclear forces of the other side. 

38 SCIENTIFIC AMERICAN September 1988 

ed in the air, which could be delivered 
by two multiple-warhead suomarine
launched ballistic missiles (SLBM'S). 
The reason is that a significant frac
tion of U.S. long-range bombers and 
their associated tanker aircraft are 
kept on alert, ready to take off on 
warning of an attack. A groundburst 
and several airbursts would be intend
ed to destroy the aircraft still on the 
ground and those already airborne but 
riot yet out of the area. We have as
sumed in our calculations that Soviet 
mobile-missile bases would be at
tacked in a similar way. 

Overall, the hypothetical Soviet stra
tegic counterforce attack on the U.S. 
involved about 3,000 warheads with a 
total yield of about 1,300 megatons, 
whereas the U.S. attack on the Sovi
et Union involved slightly more than 
4,000 warheads with a total yield of 
about 800 megatons. (A megaton is 
defined as the energy released by the 
detonation of a million tons of TNT.) 
Such attacks are well within the capa
bilities of each nation, even after the 
reductions envisioned in the START 
negotiations. The greater number of 
warheads and lower total megaton
nage of the U.S. attack on the Soviet 
Union result from respectively the 
greater number of Soviet missile si
los and the smaller average yield of 
U.S. strategic warheads. 

I
n calculating the number of civil
ians who might die or sustain inju
ry as a result of a large-scale strate

gic counterforce attack, we considered 
only the direct effects of nuclear ex
plosions: blast, fire and radioactive 
fallout. The standard method applied 
by the U.S. Defense Department and 
the Federal Emergency Management 
Agency (FEMA) for estimating the casu
alties arising from the first two nucle
ar-weapon effects relies on extrapolat
ing the consequences of the relatively 
small-yield (.0 15 megaton) explosion 
over Hiroshima to the much more 
powerful nuclear explosives in mod
ern strategic arsenals. To be specif
ic, the model applied in the Govern
ment's extrapolation, which we call 
the overpressure model, assumes that 
the casualty rate would be the same as 
the rate observed in Hiroshima for a 
given value of the peak blast over
pressure: the maximum air pressure 
(above the ambient level) produced by 
the explosion's blast. 

Yet some of the casualties at Hiro
shima were a consequence of a huge 
fire that developed approximately 20 
minutes after the explosion and cov
ered a roughly circular area having a 
radius of about two kilometers. The 
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MILITARY FACILITIES associated with the strategic forces of 
the U.S. (top) and the strategic and intermediate-range forces of 
the U.S.S.R. (boltom) are numerous. Many are also found near 

urban centers. As a result there are likely to be tens of millions 
of civilian deaths from a counterforce attack, even though 

only military facilities (and not cities per se) are the targets. 
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FALLOUT from a nuclear attack on the military facilities shown 
on the preceding page would expose millions of people to 
lethal doses of gamma radiation. (Typical February wind pat
terns are assumed here.) If the median lethal dose is taken to 
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>35 GRAYS 

10.5-35 GRAYS 

LJ3-10.5 GRAYS 

be 3.5 of the units called grays, most people who were not in 
shelters within the outermost radiation-level contours would 
suffer severe radiation sickness. Even people sheltered in 
windowless cellars would die within the innermost contours. 
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area was small enough so that most of 
the people who had not been trapped 
under collapsed buildings or other
wise incapacitated were able to escape 
before the environment in the fire area 
became lethal. Recent studies done for 
the Defense Nuclear Agency by Har
old L. Brode and Richard D. Small of 
the Pacific-Sierra Research Corpora
tion suggest that detonation of nucle
ar warheads over U.S. and Soviet cities 
and suburbs could result in much 
larger superfires: huge conflagrations 
fanned by hurricane-force winds. Giv
en the typical yield of today's strategic 
nuclear weapons (at least 10 times 
greater than the Hiroshima weapon), 
the conflagration area would be so 
large that people would not be able to 
escape before they succumbed to the 
combined effects of heat, smoke and 
toxic gases. On these grounds one of 
us (Postol) suggested in 1985 that the 
Defense Department and FEMA might 
be seriously underestimating the po
tential fatalities from the direct ef
fects of nuclear explosions. 

The conditions that would prevail in 
a superfire caused by a nuclear explo
sion resemble the conditions during 
the fire storm that developed in Ham
burg after an intense Allied incendiary 
attack in July, 1943. In that case base
ment shelters provided little protec
tion from the lethal effects of carbon 
monoxide and the extreme tempera
tures generated by the overlying smol
dering debris. In spite of the fact that 
Hamburg was not subjected to blast or 
radiation effects during the attack, the 
area destroyed was about 12 square 
kilometers (about the same as the area 
of conflagration at Hiroshima) and the 
death toll was estimated at between 
50,000 and 60,000 (also comparable 
to that at Hiroshima). 

Although any prediction about the 
extent of urban fires caused by nucle
ar explosions is uncertain, we believe 
the probability of lethal superfires is 
great enough so that casualty esti
mates should take them into account. 
We have done so by making casual
ty estimates with both the traditional 
overpressure model and our own su
perfire model. The respective results 
define the lower and upper end of a 
range of uncertainty. 

T
he other cause of death associ
ated with nuclear explosions is 
fallout: soil and debris sucked 

up into the fireball of a low-altitude 
nuclear explosion that eventually falls 
back to the ground heavily contami
nated by fission products. The fallout 
that settles downwind of a nuclear 
explosion can create a zone of gamma 

radiation so intense that people with
out adequate shielding in the zone 
would die of severe radiation sickness. 
In estimating the casualties caused by 
radioactive fallout, we adapted a Gov
ernment computer model designed to 
predict the way fallout would be dis
persed and drew on Government data 
bases for wind patterns and popula
tion distributions. 

We also considered the possibility 
that the resistance of human beings to 
ionizing radiation under wartime con
ditions might be much less than has 
been traditionally assumed. This pos
sibility was suggested by a recent re
analysis of the data on the casualties 
at Hiroshima. 

Since World War II the standard as
sumption made in Government analy
ses has been that an exposure to 4.5 
grays of gamma radiation within a 
period of less than two weeks consti
tutes the so-called ill-SO dose: the 
dose that causes lethal radiation sick
ness in SO percent of an exposed pop
ulation within about 60 days. (A gray is 
the metric unit for measuring doses of 
ionizing radiation. A rad, which may 
be more familiar in the U.S., is one
hundredth of a gray.) That assumption 
was based primarily on experimental 
data from animals, but it seemed to 
be consistent with the human data 
from Hiroshima. 

A few years ago, however, inves
tigators at the Lawrence Livermore 
National Laboratory discovered that 
the estimated radiation exposures for 
those unfortunate enough to be in 
Hiroshima at the time the atom bomb 
was dropped were too high. This led a 
group of Japanese investigators to re
examine the fates of more than 3,000 
Hiroshima inhabitants who had not 
suffered severe blast or burn injuries 
from the bomb's explosion but were 
near enough to ground zero to be 
exposed to direct gamma radiation. 
When the new Lawrence Livermore re
sults were applied to determine the 
radiation doses for each individual in 
the Hiroshima group, a surprisingly 
low estimate for the ill-SO was ob
tained: just 2.5 grays. 

The Hiroshima victims, of course, 
did not benefit from the modern treat
ment for radiation sickness, which in
volves placing the victim in a sterile 
environment and administering heavy 
doses of antibiotics. Yet modern medi
cines and hospital care would proba
bly be as unavailable to the survivors 
of a large-scale nuclear attack today as 
it was to the survivors of Hiroshima. 
We therefore varied the values of the 
ill-SO in our calculations from 2.5 to 
4.5 grays. 

The number of casualties estimated 
for the attacks also depends on the 
strength and direction of the winds at 
the time of the attack, because it is 
the wind that disperses radioactive 
fallout. Of the four seasonal wind 
patterns we considered, we found 
that the strong winds typical of Febru
ary produced the highest number of 
deaths in both the U.S. and the U.S.S.R. 
The doses from fallout radiation could 
be reduced to a certain extent by tak
ing refuge in shelters. 

Every shelter can be assigned a pro
tection factor: the number by which 
the open-air fallout-radiation expo
sures would have to be divided in 
order to give the actual radiation dose 
in the shelter. We assumed that the 
population of both the U.S. and the 
U.S.S.R. would be equally divided be
tween a group that did not spend 
much time in underground shelters 
(and therefore had an average effec
tive protection factor of about three) 
and a group that did spend most of its 
time in shelters (and therefore had an 
average effective protection factor of 
about 10). 

Fallout shelters with higher protec
tion factors do exist, but it would be 
difficult for people in them to reduce 
their average radiation dose to levels 
substantially lower than what we as
sumed. The reason is that most of the 
sheltered population would have to 
emerge within a few days to replen
ish supplies or seek help, and even a 
short period spent outside the shel
ters would greatly increase the radia
tion dose. Average radiation doses 
would be increased anyway within a 
relatively short time as people began 
to consume water and food contami
nated by radioactivity. 

O
ur calculations indicate that 
the direct effects of the blast, 
fire and radioactive fallout of a 

Soviet attack on U.S. strategic nuclear 
facilities could kill between 12 and 27 
million people. The corresponding U.S. 
attack on Soviet strategic nuclear facil
ities could kill a comparable number : 
between IS and 32 million people. (We 
also estimate that the survivors of the 
attacks would suffer between one and 
eight million additional deaths from 
cancer over their remaining lifetimes 
as a result of their exposure to fallout 
radiation.) 

The numbers at the low end of our 
ranges, which were derived by apply
ing the overpressure model and as
suming an ill-SO of 4.5 grays, are con
sistent with the estimates presented 
by the Defense Department in 1975. 
The numbers at the upper end of our 
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ranges were obtained from the super
fire model and an LD-50 of 2.5 grays. 

In our results the deaths from blast 
and fire are roughly comparable in 
number to those from fallout. Al
though the percentage of the area of 
the U.S. subjected to lethal levels of 
fallout radiation was found to be larg
er than that for the U.S.S.R., there 
would nonetheless be comparable 
numbers of casualties from the radi
ation in both countries, since much 
of the fallout over the Soviet Union 
would descend on the heavily populat
ed European region of the country. 

Limiting the attack to any subset 
of counterforce targets, such as mis
sile silos, bomber bases, naval bases, 
weapon storage depots, command
and-communication facilities or inter
mediate-range forces (in the case of 
the U.S.S.R.) would cause at least a 
million deaths in all cases but one [see 
illustration below]. Hence one could 
not hope to reduce the casualties be
low many millions by eliminating one 
or two classes of targets. Our casualty 
estimates for the U.S.S.R., for example, 
would be only about 10 percent low
er if we had not included as targets 
the intermediate-range missiles, which 
are to be eliminated over the next few 
years. (Actually the effect of the elim
ination of the Soviet intermediate
range missile will be approximately 
offset by the replacement of Trident 
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I warheads with more powerful Tri
dent II warheads on U.S. ballistic-mis
sile submarines.) On the other hand, 
our casualty estimates for both sides 
would have been considerably higher 
if we had included other classes of 
plausible military-related targets. 

For example, we estimated separate
ly the civilian casualties that would 
result from an attack with one-mega
ton airburst warheads on a group 
of 10 1 factories identified as being 
among the highest-priority targets in 
an attack on U.S. military-industrial 
capability. These factories manufac
ture such items as missile-guidance 
systems, automatic guns for aircraft, 
antitank missiles, radars and com
mand-and-control systems. We found 
that the attack would kill between 11 
and 29 million people. The toll is that 
high because most of the military
industrial targets are in major urban 
areas, such as those surrounding Bos
ton, Detroit and Los Angeles. 

Finally, it should also be kept in 
mind that we have considered only the 
casualties that would be caused by the 
direct effects of nuclear explosions. 
Tens of millions of additional deaths 
might result from exposure, famine 
and disease if-as seems likely-the 
U.S. or the Soviet Union suffered eco
nomic and social collapse after a nu
clear attack. The populations of other 
nations around the world would also 

u.s. .I l IU.S.s.R. 

I 

I I I 

suffer indirectly from the manifold 
economic and environmental effects 
of such an attack. 

O
ur results reaffirm an assertion 
made more than 25 years ago 
by the chairman of the Joint 

Chiefs of Staff, Gen. Lyman L. Lemnit
zer, when he briefed President John F. 
Kennedy on the U.S. nuclear war plans: 

"There is considerable question that 
the Soviets would be able to distin
guish between a total attack and an 
attack on military targets only . . . .  Be
cause of fallout from attack of military 
targets and colocation of many mili
tary targets with [cities], the casualties 
would be many million in number. 
Thus, limiting attack to military tar
gets has little practical meaning as a 
humanitarian measure." 

Yet for the past two decades the U.S. 
and the U.S.S.R. have continued to de
velop increasingly elaborate counter
force targeting strategies, ignoring the 
fact that the large-scale application of 
nuclear weapons against military tar
gets is not qualitatively different from 
their application against civilians. In 
view of the massive civilian casual
ties counterforce attacks would entail, 
threatening to execute such attacks 
can be no more credible than threat
ening to destroy cities. 

It is clear that eliminating counter
force weaponry by treaty would be 
preferable to eliminating them by use 
on one another. Yet it is the very reli
ance on counterforce strategies that 
blocks stabilizing nuclear-force reduc
tions beyond those currently being 
considered in the START negotiations. 

FURTHER READING 
ANALYSES OF EFFECTS OF LIMITED Nu

CLEAR WARFARE. Subcommittee on 
Arms Control, International Organiza
tions and Security Agreements of the 
U.S. Senate Committee on Foreign Re
lations. U.S. Government Printing Of
fice, 1975. 

POSSIBLE FATALITIES FROM SUPERFIRES 

FOLLOWING NUCLEAR ATTACKS IN OR 
NEAR URBAN AREAS. Theodore APostol 
in The Medical Implications of Nuclear 
War, compiled for the Institute of Med
icine, National Academy of Sciences. 
National Academy Press, 1986. 

THE CONSEQUENCES OF "LIMITED" NUCLE

AR ATTACKS ON THE UNITED STATES. 
William Daugherty, Barbara Levi and 
Frank von Hippel in International Secu-

o S 10 15 20 25 
FATALITIES (MILLIONS) 

30 35 rity, Vol. 10, No. 4, pages 3-45; Spring, 
1986. 

RANGES OF CMLIAN FATALITIES that can be expected as a direct consequence of 
counterforce attacks on various classes of military targets have been calculated 
by the authors. The fatalities associated with a counterforce attack on all targets 
do not equal the sum of the fatalities for attacks on individual classes of targets, 
because there is some overlap in the areas affected and because the lower and 
upper values of the fatality ranges apply to different months in different attacks. 
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CIVILIAN CASUALTIES FROM "LIMITED" Nu
CLEAR ATTACKS ON THE USSR. Barbara 
G. Levi, Frank N. von Hippel and William 
H. Daugherty in International Security, 
Vol. 12, No. 3, pages 168-189; Winter, 
1987/88. 
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What we know 
about computers we've 

learned on the phone. 
At AT&T, we've always 

n been committed 
to helping the people of 
the world communicate 
better. 

Our telephone sys
tem is the largest, most 
sophisticated computer 
network in the world. 

T he evolution of its 
scope, power and 
reliability created, in the 
process, the world's 
largest laboratory for 
computer research and 
development. 

And all that sav v y  
is now being called on in 
new ways. To build com
puters that do the rest 

of the world's work with 
the same reliability as 
your phone system. 

Funny, how the 
future seems to repeat 
itself. 

1939 
T he First Electrical 
Digital ComQuter 

Scientists at AT&T Bell 
Laboratories used two 
numbers to change 
the way we compute 
the rest. T hey applied 
a binary code to a 
calculating machine 
for the first time and 
invented the electrical 
digital computer. 

Today 
UNIX'" OQerating 

�ystem 

Since 1969, AT&T 's UNIX 
operating system has 
been improving 
computer use. Today's 
UNIX System v is 
capable of running 
hundreds of different 
software programs on 
mainframes, minis, 

even Pc's. Its flexibility 
and power are giving 
people greater free
dom of choice across 
computer architec
tures. Helping to pro
tect previous hardware 
investments. And 
creating a common, 
open standard which 
is working to unif y 
the computer industry. 

Tomorrow 
QQtical ComQuters 

As today's computers 
approach their limits, 
AT&T is looking at 
them in a new light. 
T he optical computers 
of tomorrow will use 
light beams to process 
information. 
At speeds measured in 
trillionths of seconds. 
Up to ten times faster 
than today's fastest 
electronic computers. 

ATlaT 
The right choice. 
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Finding the Anti-Oncogene 
Inheritance of certain growth-suppressing genes in a mutated 

form confers susceptibility to cancer. The first such gene to be isolated 
gives rise to a predisposition to retinoblastoma, an eye tumor 

The roots of cancer lie in our 
genes. Cancer often begins when 
a carcinogenic agent-radiation 

or a chemical-damages the DNA of a 
critical target gene in a particular cell. 
The mutant cell then multiplies, and 
its descendants ultimately form the 
large aggregate of cells called a tumor. 

This generalized scheme has been 
given focus and precision in the past 
decade with the identification of some 
of the genetic targets of carcinogens: 
the oncogenes. Once activated by a 
mutation, an oncogene promotes ex
cessive or inappropriate cell prolifera
tion; its activation represents one crit
ical step in the creation of many types 
of cancerous growths. 

Within the past few years a quite 
different class of cancer genes has 
been discovered. They act in normal 
cells not to promote proliferation but 
to suppress it. The loss of growth
suppressor genes from a cell removes 
a normal constraint on its growth. 
Such a genetically depleted cell may 
proliferate uncontrollably, and this 
too may lead to cancer. The discovery 
of growth-suppressor genes enriches 
understanding of the genetics of can
cer and in time will lead to the re
formulation of ideas about how the 
growth of normal cells is regulated. iX: understanding of growth-sup

pressor genes must begin with 
an understanding of their mir

ror images, the growth-promoting on
cogenes. When oncogenes isolated 

ROBERT A. WEINBERG is a member of 
the Whitehead Institute for Biomedical 
Research and professor of biology at the 
Massachusetts Institute of Technology. 
His B.A. (1964) and Ph.D. (1969) are from 
M.I.T. After doing postdoctoral research 
at the Weizmann Institute of Science in 
Israel and at the Salk Institute for Bio
logical Studies, he returned to M.I.T. in 
1972; he joined the affiliated White
head Institute in 1983. This is Weinberg's 
third article for SCIENTIFIC AMERICAN. 

by Robert A. Weinberg 

from tumors are inserted into normal 
cells, the latter take on many traits of 
cancer cells [see "A Molecular Basis of 
Cancer," by Robert A Weinberg; SCI
ENTIFIC AMERICAN, November, 1983]. 
Such gene-transfer experiments have 
shown that oncogenes act to deregu
late the growth of the cells into which 
they are introduced and so must (by 
implication) be responsible at least in 
part for the aberrant behavior of the 
tumor cells from which they are ex
tracted. Several lines of investigation 
have made it clear that such onco
genes are altered versions of normal 
genes, called proto-oncogenes, that 
act as central regulators of growth in 
normal cells. In the course of a lifetime 
any of a variety of mutations can con
vert one of these normal genes into a 
malignant oncogene. 

The creation of a single oncogene 
may be necessary for the genesis of a 
tumor, but it is far from being suffi
cient. Tumorigenesis is a multistep 
process. The evolution of a line of 
tumor cells seems to depend, at the 
very least, on the accumulation of mu
tations altering a number of genes, 
among them oncogenes. The altered 
genes then function in concert to cre
ate full-fledged malignant growth. 

To date, however, oncogenes have 
been detected in only 15 or 20 per
cent of human tumors. Human tumor 
cells may well carry other growth-pro
moting activated oncogenes, which re
main elusive simply because current 
methods for detecting such genes are 
rather insensitive. It has seemed likely, 
however, that yet other cancer genes 
could not be identified because they 
operate on totally different principles. 
For example, if some tumors arise 
through the loss of growth-suppres
sor genes, the genes' influence would 
be felt only when they were absent. 

Another basic principle distinguish
es oncogenes from growth-suppres
sor genes. The oncogenes studied to 
date are invariably activated through 
somatic mutations: genetic changes 
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occurring in one or another target or
gan and not in the germ cells. Mutant, 
activated oncogenes are therefore not 
transmitted from parent to offspring. 
In strong contrast, mutant forms of 
the growth-suppressor genes might 
indeed be found in germ cells-sperm 
or eggs-and be passed from one gen
eration to the next. A child acquiring 
a mutant growth-suppressor gene at 
conception would have a greater life
time risk of the onset of cancer. 

A window on the operation of such 
growth-suppressor genes has been 
opened by studies of retinoblastoma, 
a tumor of the eye. The tumor is fairly 
rare, afflicting about one in 20,000 
infants and young children, but it 
serves as a model for many other, 
ostenSibly unrelated types of cancer. 
What has been learned about the gene 
that causes it has already put in place 

. several large pieces of the genetic puz
zle of cancer causation. 

Retinoblasts are the precursors 
of cells in the retina, the light
sensitive screen at the back of 

the eye; the particular cells that form 
a retinoblastoma seem to be ones or
dinarily destined to become the pho
toreceptor cells called cones. Once 
a retinoblast differentiates to form a 
specialized retinal cell, it stops divid
ing and can no longer serve as a target 
for tumorigenesis. This would seem to 
underlie the age distribution of retino
blastomas, which are never seen in 
older children or adults. 

Until the middle of the 19th century 
the onset of retinoblastoma signaled 
a uniformly fatal disease course. Tu
mors rapidly invaded the brain and 
led to the death of an afflicted child. 
With the invention of the ophthalmo
scope by Hermann von Helmholtz in 
1850, it became possible to look into 
the globe of the eye and detect the 
tumor long before it expanded to in
vade adjacent tissues. With early di
agnosis came the possibility of cure 
(through surgical removal of the af-
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flicted eyeball), and this led in turn to 
the first cases of "familial" retinoblas
toma: many patients survived to reach 
adulthood and have children, about 
half of whom contracted this other
wise very rare tumor. Retinoblastoma 
also continued to strike in its historic 
"sporadic" form, which is seen in chil
dren whose families have no history of 
the disease. 

By the middle of this century the 
two types of retinoblastoma were rec
ognized as being distinct manifesta
tions of a single disease. For the genet
icist they represented a bewilderment. 
The familial form of the disease clear
ly depended on the transmission of a 
gene from parent to offspring . . Just 
how genes could be involved in trig
gering the sporadic disease was not 
clear, however. If genes were indeed 
involved, were they the same ones 
responsible for triggering the familial 
disease, or were different genes impli
cated in each form? 

In 1971 Alfred G. Knudson, Jr., of the 
Institute for Cancer Research in Phila
delphia proposed a simple genetic ex
planation for these apparently com
plex phenomena. His hypothesis rec
ognized that mutated genes can come 
to a person through the two routes 
I have alluded to: as an inheritance 
from a parent or through the somatic 
mutations that occur aCCidentally in 
tissues during one's lifetime. He theo
rized that the origins of both types 
of retinoblastoma could be traced to 
changes in the same set of genes. 

After studying the rate at which the 
disease appeared in young children, 
Knudson concluded that all tumor 
cells actually carry not one mutant 
gene but rather two such genes. In 
familial retinoblastoma, he argued, 
the first of the two required mutations 
is present in a critical gene from the 
moment of conception and so be
comes disseminated to all the cells in 
a child's body, including all the cells of 
the retina. Such a mutated gene, which 
confers susceptibility to the tumor, 
might have been acquired from a ge
netically afflicted parent or from a 
genetic accident during the formation 
of a parent's egg or sperm. The second 
required mutation could then occur 
somatically, and thus locally in one of 
the many retinal cells that already car
ried a congenitally acquired mutation. 
In the contrasting nonfamilial, sporad
ic retinoblastoma, Knudson proposed, 
both of the required mutations occur 
somatically and locally within a single 
retinal cell, whose descendants then 
expand to form a tumor. 

It is clear now that Knudson's for
mulation was essentially correct. At 

SITE ON CHROMOSOME 13 was first implicated in retinoblastoma by'Jorge J. Yunis of 
the University of Minnesota Medical School. When he stained chromosomes from 
retinoblastomas to highlight their banding, he noted that a segment of the long arm 
of one chromosome 13 was often missing. The computer image, made by Yunis, 
compares a normal chromosome 13 (left) with the abnormal one he first reported (see 
illustration on next page). Part of a large light band near the top of the normal 
chromosome, including the orange subband, is deleted in the abnormal version. (The 
oval shapes at the top represent the telomeres, the ends of the chromosomes, 
which in micrographs seem not to be connected to the rest of the chromosome.) 
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the time, it crystallized.thinking about 
retinoblastoma, but it did leave two 
major questions unresolved. First, 
what is the nature of the gene or genes 
that are acquired in mutant form from 
a parent or are altered by somatic 
mutations? Is one gene involved or 
several distinct genes? Second, what 
kinds of mutation intervene to create 
the cancer-causing alleles (specific ver
sions of a gene)? Are they mutations 
of the kind that hyperactivate a proto
oncogene and thereby create an onco
gene? Or do these mutations serve on 
the contrary to inactivate a gene and 
thereby wipe out its functioning? 

The essential clues to solving 
these puzzles came from micro
scopic examination of the chro

mosomes present in normal cells and 
in retinoblastoma cells. When an ex
perimenter traps cells in an early stage 
of cell division, their chromosomes 
can be viewed with special clarity. A 
good microscopist can even discern 
the detailed structure of a chromo
some through the presence of individ
ual bands arrayed in characteristic po
sitions along its length. 

The chromosomes of a tumor cell 
often look different from those of 

a normal human cell. The deviations 
may simply reflect the genetic chaos 
that accumulates in tumor cells dur
ing their tortuous evolution from the 
normal to the malignant state. On oc
casion, however, microscopists can 
identify specific chromosomal chang
es that occur reproducibly in many 
tumors of a given type. 

. 

This was the case when Jorge]. Yu
nis of the University of Minnesota Med
ical School studied cells from a num
ber of different retinoblastomas. The 
longer of the two arms (the q arm) of 
one chromosome, No. 13, was often 
found to have a deletion: one or an
other of the bands ordinarily seen on 
the chromosome was often missing. 
Most often it was some part of band 
14. The association of 13q14 altera
tions with retinoblastoma was much 
too frequent to be attributed simply 
to random genetic accidents; instead 
it seemed the deletion must confer a 
growth advantage of some kind on the 
cells that spawn the tumor. 

These data provided the beginnings 
of an answer to Knudson's puzzles: 
they showed that one of the mutation
al events associated with retinoblasto
ma is a deletion that could well lead to 
the total loss of a gene and thus to the 

q14.1 

q14.2 

q14.3 

PHOTOMICROGRAPHS of the normal and abnormal chromosome 13's are shown here, 
flanking a diagram of the normal chromosome. The deletion undergone by the 

abnormal chromosome (right) is indicated on the diagram by the blue bracket. A 

different deletion, observed in a chromosome from a different retinoblastoma, is 
bracketed in black. The two deletions overlapped somewhat, pinpointing the site of a 

putative retinoblastoma gene in a small region of subband 13q 14. 1, close to subband 

13q14.2; q designates the long arm of a chromosome. (Chromosome 13 has a minute 
short arm: the segment above the constriction near the top of the chromosome.) 
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loss of some critical function. Further 
chromosomal analysis showed that in 
certain children afflicted with familial 
retinoblastoma, the chromosome-13 
deletions could be found not only in 
the tumor cells but also in normal 
cells throughout the child's body and 
in the body cells of one parent. When 
the deletions were found in sporadic 
cases, on the other hand, they were 
invariably confined to the tumor cells. 
The damaged chromosomes could be 
found, in other words, in precisely the 
cells Knudson had predicted would 
carry the mutant genes responsible 
for the two forms of retinoblastoma. 

The chromosome-13 gene osten
sibly involved in triggering these 
tumors was given the name Rb. It 
had been identified by the presence 
of a microscopically visible deletion, 
which at the molecular level involves 
the loss of a segment of DNA en
compassing hundreds of thousands 
of the bases that constitute a strand of 
the genetic material. Yet such a large 
chromosomal lesion is only one of a 
number of mutational mechanisms by 
means of which the Rb gene might be 
inactivated. Much smaller deletions 
that have no effect on the microscopi
cally visible structure of the chromo
some can be just as effective in knock
ing out gene function. Indeed, recent 
work has shown that changes affect
ing single DNA bases ("point muta
tions") may suffice. �this stage one of Knudson's two 

critical target genes had been 
associated with a speCific site 

on chromosome 13, but the identity of 
the second target was still elusive. It 
might be a different gene on one or 
another of the 23 chromosomes of the 
cell, all but two of which are present in 
two copies. Alternatively, the second 
target for mutation might be the sec
ond copy of the initially affected chro
mosome-13 gene, which still survived 
on the intact, paired chromosome 13. 

Through a clever genetic trick, data 
were in hand by 1983 suggesting that 
the second genetic target for mutation 
was indeed to be found on the second 
chromosome 13. The evidence came 
from an indirect genetic analysis that 
traced the fate of another gene-one 
that is conveniently situated very near 
the Rb gene on chromosome 13. By 
stalking such a "marker" gene one 
can often predict the fate of a closely 
linked but invisible neighbor. Robert 
S. Sparkes of the University of Califor
nia School of Medicine at Los Angeles 
found such a marker: the gene encod
ing an enzyme called esterase D. Rosa
lind Godbout, Brenda Gallie and Rob-
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PEDIGREE of a family with familial retinoblastoma was pub

lished by Thaddeus P_ Dryja and his collaborators. Affected 

members are indicated by solid circles (females) or squares 

(males). Five children in the second generation developed the 

tumor. One son who was unaffected had nonetheless inherited 

a mutated chromosome 13: two of his daughters were affected. 

ert A. Phillips of Toronto's Hospital for 
Sick Children found that in some ret
inoblastoma patients the esterase D 
gene was present in normal cells in 
two different versions, one on each of 
the paired chromosome 13's. In the 
patients' tumor cells, however, the es
terase D marker gene was often found 
in two identical copies. One of the two 
alleles (versions) had been lost and 
had been replaced by a duplicate of 
the other allele. 

The esterase D gene itself has no 
functional role in retinoblastoma, but 
it served as an easily traced proxy for 
the neighboring Rb gene. If one of the 
two versions of the enzyme gene was 
lost and replaced by the survivor, the 
same fate was imputed to the neigh
boring Rb gene. It appeared, then, that 
if a retinal cell began with one normal 
and one mutated version of its Rb 
gene, it might sometimes end up with 
two mutated copies of the gene. More 
detailed analysis confirmed that pos
sibility: tumor cells were often seen to 
carry two copies of the defective allele 
of the Rb gene. This finding provid
ed the critical clue to the second step 
in tumor formation. It was the loss 
of the surviving, intact copy of the 
Rb gene. 

Knudson's theory could now be re
formulated. The two hits required to 
trigger cancer involve the two copies 
of the Rb gene. Each hit inactivates one 
copy of the gene, creating an inactive, 
or "null," allele. Children born with 
one intact and one defective copy of 
the Rb gene might lose the intact copy 
through somatic mutation in one of 
their retinal cells, triggering cancer. 
Others, although born with two good 
copies, might through rare misfortune 
happen to lose both copies of the gene 
in a retinal cell early in life, leading to 
the same end result. 

The children carrying a congenital
ly acquired, mutant Rb gene are fully 
normal save for their greatly increased 

risk of cancer. Although they have only 
one normal copy of the gene in virtu
ally every cell of their body, their fe
tal development is unremarkable. The 
single normal Rb allele is clearly suf
ficient to fulfill the gene's function 
in programming normal development; 
the defective Rb allele in every cell 
does not actively perturb this develop
ment. In other words, the mutation 
is "recessive" and is manifested only 
when the surviving, intact copy of the 
gene (which is "dominant" at the cellu
lar level) is lost in one or another 
retinal cell. 

Now, if the inactivation of a gene 
such as Rb serves to trigger the 
runaway growth of cancer, it 

follows that the gene in its normal 
incarnation must act to restrain cell 
growth. This implies the existence 
of a class of genes dedicated to the 
negative regulation of normal growth, 
which I prefer to call growth-suppres
sor genes. Because loss of these genes 
can lead to malignant growth and be
cause many oncogenes act in a dia
metrically opposite way-by promot
ing aberrant growth-such genes as 
Rb have come to be called anti-onco
genes or tumor-suppressing genes. 
These terms are likely to survive, but 
they are imprecise. The normal func
tion of the Rb gene is surely to sup
press growth in general; any involve
ment in cancer is rare and unintended. 

Imprecise or not, the term anti-on
cogene has some logical basis. A gene 
such as Rb, when it is intact, may well 
function to oppose the action of an 
oncogene. By the same token, a cancer 
cell, which gains a growth advantage' 
by developing oncogenes that active
ly promote cell growth, might further 
help itself to proliferate by getting 
rid of genes that have hitherto con
strained its growth. Indeed, this may 
be a particularly frequent mechanism 
of cancer causation, since it is much 

easier to knock out a gene by crude 
genetic blows than to hyperactivate a 
gene by subtle mutational tinkering. 

The loss of anti-oncogenes may be 
a quite common occurrence in the 
development of cancer. Examination 
of the chromosomes of various tu
mor types often reveals characteristic 
chromosomal aberrations. On occa
sion there is a loss of specific chro
mosomal segments, but in other in
stances more subtle genetic analyses 
have been required to pinpoint the 
loss of speCific genes. 

These genetic analyses, pioneered 
by Webster K Cavenee (who is now at 
the Ludwig Institute for Cancer Re
search- in Montreal), follow in outline 
the same strategy whereby the fate of 
the Rb gene was traced by examining 
the fate of its closely linked neigh
bor, the esterase D gene. In Cavenee's 
analyses the closely linked neighbors 
are specific DNA sequences that may 
be present in dissimilar (heterozy
gous) versions in normal tissue and in 
identical (homozygous) versions in tu
mor tissue. The progression from het
erozygosity to homozygosity of these 
DNA segments provides a good indi
cation of the fate of closely linked 
anti-oncogenes. 

By now there is a substantial list of 
genes that appear to lose both func
tional copies during the creation of 
one or another type of tumor. Duc
tal breast cancer, for example, also in
volves a gene on the long arm of chro
mosome 13; Wilms' tumor of the kid
ney involves a gene on chromosome 
11, and small-cell carcinoma of the 
lung apparently results from defects 
in a gene on chromosome 3. In each 
case it appears that both copies of a 
critical gene are frequently either lost 
or rendered inactive during the evo
lution of the tumor-cell clone. This 
tissue specificity (the association of 
the loss of certain genes with specif
ic tumor types) suggests that each of 
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these genes is normally involved in 
constraining the growth of only a nar
row range of cell types in the body. 

At first it seemed that the range 
of action of the Rb gene would also 
be limited narrowly to tumorigenesis 
in the retina. However, careful clin
ical follow-up of children afflicted 
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early with familial retinoblastoma 
has revealed that later in life they in
cur a greatly increased incidence of 
tumors that originate in connective
tissue cells-notably osteosarcomas, 
which arise in bone-forming cells. In 
other words, mutant copies of the 
"retinoblastoma gene" predispose to 

more than just retinoblastoma. In
deed, recent evidence suggests that 
observable changes in the Rb gene are 
as frequent in osteosarcomas as they 
are in retinoblastomas-even in osteo
sarcomas from individuals with no 
history of retinoblastoma. In many os
teosarcoma patients the tumor seems 
to arise solely through somatic genet
ic accidents affecting the Rb gene. 

This introduces yet another puzzle, 
since the retina and the tissues that 
yield these other tumors have little in 
common in either evolution or embry
onic development. Perhaps sometime 
during the evolution of the early mul
ticellular ancestors of human beings, a 
billion and more years ago, a precur
sor of the gene we call Rb came to be 
involved in controlling the growth of 
two quite different cell types and as
sociated tissues. 

The notion that certain tumor 
cells may be abnormal because 
they have lost critical bits of ge

netic information has been encour
aged by a totally independent kind of 
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HYPOTHETICAL CASE of familial retinoblastoma is traced at 

the cellular level. As the result of a genetic accident in the first 
generation the region carrying Rb, the retinoblastoma gene, is 

deleted from the single chromosome 13 in an ovum (female 
germ cell). The chromosome (shaded) carrying the deletion is 

inherited by a son and is present in all his body cells, including 
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retinal cells. A somatic mutation in infancy or early childhood 
inactivates the second copy of the gene in one retinal cell 
(arrow), and so a tumor develops. The tumor is excised and the 

patient survives to adulthood. About half of his sperm cells 

carry the deleted form of chromosome 13, and so about half 

of his children inherit the predisposition to retinoblastoma. 

© 1988 SCIENTIFIC AMERICAN, INC



experimentation, much of it initiated 
by Henry Harris of the University of 
Oxford. He applied techniques that 
enable one to make a hybrid cell by 
fusing two genetically distinct cells. 
This is achieved with an agent that 
causes the outer membranes of neigh
boring cells to unite, forming one 
large membrane that envelops the nu
clei of both partners. The two comple
ments of chromosomes then merge 
into one large array carrying twice the 
usual amount of genetic information. 
The motive in these forced marriages 
is to observe how the traits of the two 
partners blend following their union. 
Often the genes of one or the other 
parent cell may dominate in determin
ing the behavior of the hybrid. 

Over the past two decades such ex
periments have led to the surprising 
observation that hybrids formed be
tween malignant tumor cells and nor
mal cells often behave like their nor
mal parents, that is, they do not form 
tumors. This runs counter to intuition, 
which suggests that virulent tumor 
cells have traits far more potent than 
those of their normal neighbors. 

An explanation comes once again 
from the insight that a tumor cell 
often becomes aberrant through the 
loss of a critical growth-suppressing 
gene or genes. In undergoing fusion 
with a normal cell, the tumor cell re
gains a growth-regulating gene it lost 
early in its evolution toward malignan
cy; the restored gene can reimpose 
growth control on a cell that has long 
lacked such control. 

A dramatic demonstration of such 
reassertion of control was reported 
recently by Eric J. Stanbridge of the 
University of California College of 
Medicine at Irvine. His group worked 
with a number of tumors, among them 
Wilms' tumor. Fusion of a Wilms' cell 
to a normal cell yields a nontumori
genic hybrid. 

Stanbridge's group managed to in
troduce a single normal human chro
mosome 11 into Wilms' tumor cells. 
The genetically enhanced cells there
upon reverted to normal: they lost the 
ability to form tumors. This showed, 
even more directly than the cell-fusion 
work, that the malignant growth of 
these tumor cells depends on the 
absence of a gene or genes normally 
present on chromosome 11. 

The hybrid-cell findings and Stan
bridge's result strongly reinforce the 
impression that a loss of genetic infor
mation may be as important for tumor 
formation as the creation of hyperac
tive growth-promoting oncogenes. In 
the long run this realization may open 
a path toward a therapy based on the 

2 3 4 5 6 

H2-42 
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SEARCH FOR Rb GENE began when Dryja tested fragments of the DNA of the normal 
chromosome 13 to see if any of them were missing in retinoblastoma DNA's and 
so were likely to be part of the gene whose deletion leads to tumorigenesis. This 
electrophoresis gel shows a critical result. Fragments H2-42 and 7D2 have hybrid
ized with, or bound to, matching fragments of the DNA from each of 13 tumors; 
having been tagged with a radioactive label, they are visible on the gel as dark bands. 
The third fragment, H3-8, has similarly hybridized with the DNA of 12 of the 
tumors-but it has failed to find a match in the DNA of tumor No.9: the segment of 
chromosome 13 represented by probe H3-8 is deleted from the DNA of this tumor. 

introduction of genes into tumor cells 
that lack them. 

In spite of these major advances, 
until recently the Rb gene was only 
a theoretical entity, its existence 

deduced solely from the genetic phe
nomena I have described. An ultimate 
goal for cell biologists and biochem
ists is to understand at a molecular 
level just how a gene such as Rb acts 
to restrain or inhibit cell growth. The 
clearest path to such understanding is 
through the isolation of the gene by 
molecular cloning. The isolation of Rb 
was a particularly challenging task be
cause the gene's most obvious effects 
are manifested only when it is absent. 
It is therefore difficult to devise assays 
that show directly whether one or an
other candidate DNA fragment is in
deed the sought-after gene. 

Thaddeus P. Dryja of the Massachu
setts Eye and Ear Infirmary undertook 
the long-shot quest in 1983, concen
trating on human chromosome 13. 
Marc Lalande and Samuel A Latt of 
the Children's Hospital in Boston had 
created a collection of DNA clones, 
each derived from a fragment of one 
or another randomly chosen region 
of the normal chromosome 13. Dryja 
sifted through this collection, gam
bling that one of the fragments might 
be allied with the chromosomal DNA 
sequence constituting the Rb gene. It 
was a daunting undertaking: the Rb 
gene is now known to account for only 

a thousandth of the total DNA of chro
mosome 13. 

Each of the chromosome-13 frag
ments served as a "probe" in a DNA 
hybridization test. The test showed 
whether a given probe could find a 
matching segment in the DNA isolated 
from one or another of a battery of 
retinoblastoma cells or, alternatively, 
was not able to find such a matching 
segment because the probe derived 
from a part of the chromosome that 
had been deleted during the forma
tion of a tumor. 

Dryja's gamble paid off when one 
cloned probe was found to come from 
a chromosomal segment that was fully 
deleted in two retinoblastoma DNA's 
out of the 50 or so he examined. This 
was far from proving that the cloned 
fragment was even part of the Rb gene. 
It did suggest at the very least that 
the fragment represented a sequence 
that lay near Rb on the chromosome 
that had undergone deletion along 
with Rb in the course of the genetic 
accidents that had triggered these two 
retinoblastomas. 

It remained for Dryja's group, with 
Stephen H. Friend and others in my 
laboratory at the Whitehead Institute 
for Biomedical Research, to estab
lish the precise relation between the 
cloned fragment and the ostensibly 
linked Rb gene. First we discovered 
that the cloned fragment was closely 
related to a messenger-RNA molecule 
found in normal retinal cells. Mes-
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senger RNA (rnRNA) is the nucleic acid 
that transfers information from ac
tive genes in a cell's nucleus to the 
cytoplasm, where the information is 
read out by the machinery responsi
ble for making proteins. The discovery 
of a retinal-cell mRNA related to the 
cloned DNA fragment meant the frag
ment was (by a remarkable stroke of 
luck) part of a gene that is active
ly expressed in normal retinal cells. 
Significantly, we were not able to de
tect rnRNA related to the fragment in 

any of several retinoblastomas. That 
meant the gene from which the rnRNA 
derived was inactive or absent in the 
tumor cells-behavior consistent with 
that of the Rb gene. 

The possibility that the gene was 
Rb remained to be confirmed. 
Friend made a DNA copy of the 

mRNA by the process called reverse 
transcription. The reverse-transcribed 
"cDNA" served as a probe with which 
to survey and map out the entire re-
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SERIES OF EXPERIMENTS led to the cloning of a gene and its identification as the Rb 
gene. The messenger RNA of normal retinal cells was probed with H3-8, the fragment 
that had been shown to be deleted in several retinoblastoma DNA's. The probe 
discovered a closely related mRNA (a), indicating that H3-8 was part of a gene that 
is active in normal retinal cells. The mRNA was then reverse-transcribed (b) into a 
DNA copy (a cDNA clone); this cDNA served in turn as a probe with which to find and 
clone the long (200,OOO-base) stretch of chromosomal DNA representing the entire 
gene that was responsible for having generated the mRNA-a gene that might be Rb. 
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IDENTIFICATION OF CLONED GENE as the retinoblastoma gene was established by 
seeing whether it-and not a neighboring gene-was the target affected by chromo
somal deletions that had triggered retinoblastomas. Fragments of the cloned gene 
served as probes for mapping deletions in tumor DNA's. The probes found some 
deletions (1) that eliminated the entire gene as well as neighboring sequences on 
both sides, and so were not determinative. Some deletions removed the left part of 
the gene and adjacent leftward sequences (2); such deletions might have caused 
tumors by damaging either the cloned gene or a different one to the left of it that was 
actually the Rb gene. Other deletions (3) removed the right part of the gene and 
sequences to the right of it. In a few tumors (4, 5), however, the deletion removed 
only internal regions of the cloned gene. These deletions showed the cloned gene is 
the critical target whose inactivation gives rise to a tumor; therefore it is the Rb gene. 
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gion on the normal chromosome that 
was responsible for generating the 
rnRNA-in other words, the gene that 
might be Rb-and to clone it.. The 
cloned gene. turned out to be very 
large, encompassing 200,000 DNA 
bases. Again by means of nucleic acid 
hybridization, we studied the configu
ration of this large chromosomal do
main in the DNA's of 60 retinoblasto
mas and osteosarcomas. In about 30 
percent of the DNA samples we found 
evidence that one copy or both copies 
of the cloned gene had suffered sub
stantial changes in structure through 
deletion. (Subtler changes in DNA 
structure, which can be equally effec
tive in inactivating a gene, would have 
escaped detection in this analysis.) 

We now had evidence that the 
cloned DNA gene was frequently 
knocked out in various, independent
ly arising retinoblastomas. But did 
this cloned gene represent the Rb gene 
itself? The convincing evidence ulti
mately came from examining the pre
cise configuration of the various dele
tions affecting the cloned segment 
[see lower illustration at left). The goal 
was to show that the cloned gene 
encompassed the Rb gene, and not an 
irrelevant gene to the right or left of it 
along the chromosome. 

Certain of the mapped deletions 
caused loss of the entire cloned gene. 
These were uninformative, since they 
did not address the critical issue at 
hand: the cloned gene might just have 
happened to be deleted along with 
some other part of the region that 
included the "intended" target, the Rb 
gene. Three deletions that seemed to 
involve both the right-hand end of 
the gene and adjacent, rightward-lying 
DNA were more meaningful. They indi
cated that the target for deletion ei
ther lay to the right of the cloned gene 
or was the cloned gene itself. Yet other 
mutations caused loss of the left end 
of the cloned gene and other leftward
lying sequences. It seemed increasing
ly likely that the cloned gene was in
deed the common target of these ran
domly occurring deletions. 

The critical evidence came from the 
discovery of two deletions that began 
and ended entirely within the confines 
of the cloned gene. These showed un
equivocally that the random deletions 
leading to retinoblastoma converged 
on the cloned gene and not on neigh
boring DNA segments. 

Our work has since been replicat
ed and extended by Wen-Hwa Lee of 
the University of California School of 
Medicine at San Diego and by Yuen
Kai Fung and William F. Benedict of 
the University of Southern California 
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CHROMOSOME 13 
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Rb GENE ENCODES a protein that is found in the nucleus of 
normal retinal cells (left) but not in retinoblastoma cells (mid
dle). The ElA oncoprotein of an adenovirus transforms in
fected cells by binding to a host-cell target protein that turns 

out to be identical with the Rb protein (right). The fact that 
the same protein whose absence in retinal cells gives rise to 
a tumor is also involved in transformation by the adenovi
rus suggests the protein may be a central growth regulator. 

School of Medicine. The aggregate re
sults provide evidence that the cloned 
gene indeed is the normal Rb gene. 
Most persuasive are the repeated find
ings that this particular segment of 
DNA is damaged by major deletions in 
many different, independently arising 
tumors. 

The ultimate proof of the identity of 
the cloned gene will have to come 
from a functional test in which DNA 
clones carrying intact versions of the 
putative Rb gene are inserted into tu
mor cells that have no intact Rb gene. 
If the cells thereupon revert at least 
partially to normalcy, this will argue 
strongly that the cloned DNA is indeed 
providing the critical genetic informa
tion whose loss triggered tumor for
mation. Such experiments are current
ly under way in several laboratories. 

Many experimental avenues can 
be followed once growth sup
pressors such as Rb have been 

isolated by cloning. Both applied clini
cal applications and basic research 
problems come to mind. The clinical 
utility stems from the ability to use 
cloned DNA segments to analyze the 
structure of related sequences in a 
variety of normal and tumor samples 
and to detect altered versions of such 
genes as Rb. The reader will recall that 
mutant Rb alleles can be passed from 
an affected parent to half of the off
spring, on the average. A cloned probe 
could in principle detect defective Rb 
alleles even in the early fetus, provid
ing predictive data on the likelihood 
of tumor onset later in life. 

Beyond the clinical applications 
loom a number of problems in basic 
biology. Rb is the first growth-sup
pressing cancer gene to be isolated. 
The lessons learned from it are like
ly to prove instructive for an array 
of genes that act in a similar way, 
each responsible for constraining the 

growth of one or another cell type. The 
array of these genes already known by 
virtue of their deletion in certain tu
mors may represent only the tip of the 
iceberg. The oncogenes already num
ber upward of 50 genes; the size of the 
repertoire of these countervailing neg
ative regulator genes cannot yet even 
be guessed. 

The most intriguing question is: 
What are the mechanisms through 
which these genes act to limit or shut 
down normal growth? Some months 
ago Lee's group reported that the Rb 
gene speCifies a protein with a molec
ular weight of 10 5,000 that is found in 
the nucleus of the cell. Nuclear pro
teins are often involved in regulating 
the expression of genes. 

A strong indication that Rb does 
indeed specify a regulatory protein 
has come just recently from unrelat
ed work designed to find out how tu
mor viruses transform the cells they 
infect. One such virus, an adenovirus, 
is known to carry an oncogene des
ignated E1A into susceptible target 
cells. The oncogene specifies a protein 
that reprograms the metabolism of 
the host cell, eliciting malignant be
havior. How does the oncoprotein act? 

Workers in Ed Harlow's group at the 
Cold Spring Harbor Laboratory in New 
York and in Philip E. Branton's group 
at the McMaster University School of 
Medicine in Ontario had found that in 
a virally transformed cell the viral on
coprotein is complexed with certain 
host-cell proteins. Presumably the vi
ral protein alters these targets and 
thus trips the cellular switches that 
lead to transformation. 

One of the targets with which the 
viral oncoprotein complexes is a host
cell protein whose molecular weight is 
10 5,000. Harlow, Peter Whyte and Ka
ren Buchkovitch noted that this pro
tein has properties similar to those of 
the Rb protein. Together with Jona-

than Horowitz in my laboratory, they 
went on to show that the two proteins 
are in fact identical. The adenovirus 
E1A protein, in other words, makes 
cells malignant by complexing with 
(and perhaps thereby inactivating) the 
same protein that is encoded by the 
Rb gene and is missing from retino
blastoma cells. Since the ElA protein 
is a direct regulator of gene expres
sion, the Rb protein too must be di
rectly involved in the modulation of 
gene expression. 

It is clear that detailed understand
ing is only several years away. When it 
comes, we shall finally see both sides 
of the coin: how cell growth is turned 
on and how it is turned off. With this 
will come new insights into the origins 
of cancer and into the still obscure 
mechanisms that allow fertilized eggs 
to develop into complex organisms 
such as ourselves. 
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THE LIFESTYLE RESOURCETM 
T he Lifestyle Resource is a compass for quality and value. Our products offer a special 

advantage. We've used everything presented here, so we can vouch for each item. Our intent is 
to give you the essential information about how each works and why it is special. In most cases, 
we'll have your order on its way to you within 48 hours. Your satisfaction is guaranteed with our 
30-Day No Risk Return Policy./fyou're not completely satisfied with your purchase,just return 
it to us in original condition within 30 days of receipt for a prompt refund. 

THE LIFELINE GYM 

The Lifeline gym is the most space efficient, time efficient home 
fitness device on the market today. You can simulate just about any of 

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

The Lifeline Gym 
is so successful it 
is used by the 
Chicago Bears, 
The Us. Ice 
Hockey team, US. 
Women's Volley· 
ball Team, and 
the UCLA track 
team. 

FROM CHINA TO 
YOUR HEALTH 

Ancient m andarins dating 
back 800 years believed that 

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

P e o p l e s  R e p u b l i c  o f  
China. The Chinese say that 

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

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

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

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

BRING MOUNTAIN TOP 
FRESHNESS INDOORS 

The new Bionaire 700, no bigger than a table
model radio, will clean and recharge your 

stale indoor air to virtually mountain top fresh
ness. Get relief from breathing allergy causing 
dust, pollen, tobacco smoke, animal hair and 
dander, cooking odors, soot, and mold spores. 
The Bionaire 700 will clean and rejuvenate the 
air in a 12xl2x8 ft. room 4 times an hour, while 
the filtering system removes up to 99% of all 
particulate pollutants as small as .01 microns in 
the process. The filtering process begins with an 
activated carbon pre-filter that helps remove 
odors and large particles; next, with the pat
ented electret main filter, the Bionaire removes 
particles as small as 1I10,000th the diameter of a 
human hair. Finally, Bionaire's unique negative 
ion generator-which not only precipitates any 
remaining particles, but also generates millions 
of negative ions-reproduces the stimulating 
effect of fresh mountain air. 'I\vo year limited war
ranty, UL listed, weighs 5.2 lbs., $149.95 #2070. 
One set of two replacement filters $19.95 #2071. 

POCKET·SIZED MEMORY 

T his is the most innovative, easy-to-use, multi
function Data Bank in its class. No more 

fumbling through notes or phone books, with the 
touch of a key the information you need is at 
your fingertips. The Atari Data Bank holds up to 
50 names and numbers and 50 memos in its 2K 
memory. It has raised rubber keys for easy data 
entry, a built in clock with date display, an 8 
function calculator, and a secret function to 
safeguard confidential data, all displayed on a 2 
line 24 character display. The Data Bank offers 
a scroll feature for access to information, all in 
alphabetical order, or direct search for instant 
retrieval. This Data Bank is so smart it will 
even turn itself off if you forget. Atari's multi
function Data Bank is the perfect solution for 
complete business and/or personal organization. 
$39.95 #2250. 

A TIMELY RETURN TO 
THE CLASSICS 

B ack in the 1920's and 30's, the world's 
honored watchmakers were creating elegant 

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

Now a m3jor scientific 
breakthrough - The 

Viralizer® System-gives 
relief from cold, sinus and 

allergy symptoms. It's the newest 
development of a concept 
pioneered at the P asteur 
Institute in Paris. The cause of 

the common cold is the 
Rhinovirus family which 
lives and multiplies in the 

nose and throat, but cannot 
thrive in temperatures over 
HO°F. The V iralizer is 

designed to deliver a gentle, 
controlled heat which pene
trates the nose and throat, 
creating a hostile environment 

for cold viruses. After a pleasant heat treatment, 
the Viralizer dispenses either of two mild, over
the-counter, medicated sprays. Vira-Spray I is an 
analgesic, anti-bacterial spray. Vira-Spray II is a 
decongestant that provides temporary relief of 
nasal congestion due to colds, hayfever, sinusitis 
or allergies_ These therapeutic sprays further 
discourage the stubborn cold and sinusitis genns 
so you're less likely to be re-infected or spread 
your cold to others. The Viralizer can produce 
effective relief by using it for only 3 or 4 minutes, 
several times a day. Proven in clinical tests 90% 
effective in eliminating the symptoms of upper 
respiratory infection in 24 hours or less, the 
Viralizer worl<s without pills. Viralizer, is safe for 
children and adults, has been tested 
recommended by doctors. The com
plete Viralizer® System includes 1 
electric Viralizer with Vira-Spray I and 
Vira-Spray II plus a 
3-pak refill of 
m e d i c a t e d  
sprays. 
#1690. 

WHEN YOU'RE IN A HURRY 
When you're running short of time, ask one 

of our phone operators about UPS Blue Label 
delivery. In most cases, we can get your 

shipment to you in tkree or four working days. 

CALL TOLL-FREE 800-872-5200 

THE LI FESTYlE RESOURCE™ 

S itting in a conventional chair, bent over a desk or table for long periods 
of time can stress your spine and back muscles. Posture or "back" 

chairs have long been accepted as a way to relieve your back from the pain 
of cramping or kinking up due to this stress. Our posture chair is designed 
to allow your body to properly align itself by shifting weight from your lower 
back to your knees, making long work periods far 
more comfortable. The Lifestyle Resource 
is one of the first to introduce the 
Criss-Cross Posture Chair. This 
new and innovative design 
with a criss-crossed 

base provides added stability and an easy exit 
from your seat. The chair is crafted of 
laminated hardwood with an attractive 
oak finish. The seat and kneepad are thickly 
padded and fully upholstered in a classic 
neutral grey fabric. The swiveling, carpet
friendly, double wheel casters make maneu
vering a breeze. Suited for use at any work
station, desk or table. Requires minimal assembly; a 
scewdriver is all you need. $79.95 #2260. 

EXPERIENCE NATURAL 
STATES • • •  THE VIDEO 

M iramar's "Natural States" cassette pre
sents a 45 minute trip through the Pacific 

Northwest, from California's Big Sur to Wash
ington's Cascade Mountains. This is NOT a 
travelogue - not a word is spoken as the 
unique "steadicam" camera glides through 
rainforests, past verdant waterfalls, over and 
around mist-shrouded peaks. This unusual 
technique, mated to superb aerial shots, pro
duces something very nearly like an out-of-body 
experience. The incredibly crisp footage is 
enhanced by an award winning score that was 
specially composed "note-to-frame," rather 
than just layered on in post-production. This is 
the first nature/music video to "go gold" in 
sales, and for good reason: its breathtaking 
beauty will bring tranqUility to the worst case 
of stress and burnout. Just slip "Natural 
States" into your VCR; in 45 minutes you'll be 
human again! Hi-fi Stereo with Dolby Surround 
plays mono on regular machines $29 95 #2010 

THE NEW INFRALUX 

Pain emanating from 
inflamed joints and 

muscles can be excruciat
ing. Just ask sufferers of 
bursitis, neuralgia, or 
arthritis. Infrared heat is 
the natural remedy pre
ferred by doctors and thera
pists to dispel such nerve
rack ing pain. Recently 
redesigned, the Infralux 
infrared therapeutic heat- t.....:...:......��_---.;.t 
ing unit for personal use now is contoured, angled 
for reaching back and neck. The heating surface 
is tripled and the replaceable lO-watt bulb gives 
45% more heat. Hi/low settings. Plugs into house
hold outlet. UL listed. Unit with case $39.95 #1142. 

CREDIT CARD ORDERS 
800 872 5200 CAll TOll-FREE 2 4  HOURS - -

DEPT. SFAJ08; 921 EASTWIND DR .  SU ITE 1 14:  WESTERVI LLE, OH 43081 ITEM NO OW DESCRIPTION ITEM PRICE TOTAL PRICE 
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CITY STATE ZIP 

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

ACCl # EXP DATE 

ORDER WITH CONFIDENCE 
• We ship most orders witkin 48 hours. 
• Credit Card orders billed only upon shipment. 
• No risk 30-day return privilege_ 

THE MEDIA DEVELOPMENT GROUP 

I Shipping Charge covers UPS. handling and insurance for guaranteed delivery. 

� 
Up 10 $20 . . . .  $ 3.9S $50.01 10 $60 . . . .  $ 7.9S 
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Detecting Individual Atoms 
and Molecules with Lasers' 
Every atom or molecule emits and absorbs light of characteristic 

wavelengths. By tuning a laser to match specific wavelengths, atoms 
and molecules can be detected with unprecedented sensitivity 

The light spectrum is the lan
guage "spoken" by atoms and 
molecules. Just as different peo

ples speak different languages, so 
each kind of atom or molecule emits 
and absorbs light of characteristic 
wavelengths, or colors. By measuring 
these wavelengths, investigators over 
the past 100 years have made great 
strides in understanding the proper
ties of all the elements in the periodic 
table and of an enormous number of 
their molecular compounds. 

Although such an approach is pow
erful, it does have limitations. Sup
pose, for example, one is searching for 
trace amounts of rare, long-lived ra
dioactive elements in samples taken 
from river water or the atmosphere. 
The samples may contain as little as 
one radioactive atom for every million 
million ( 1012) stable atoms and mol
ecules. The individual "voice" of the 
radioactive atom-the set of charac
teristic wavelengths of light it emits 
and absorbs-is too faint to detect 
above the fray. Standard techniques 
of spectroscopy, or spectral measure
ment, fall short of the required sensi
tivity by a factor of 1,000 or more. 

Recently a novel variation on the 
basic approach has been implemented 
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that could achieve the necessary sen
sitivity; it may even mark the begin
ning of a new stage of research in 
physics. The new approach, called res
onance-ionization spectroscopy, was 
developed by my colleagues and me at 
the Institute of Spectroscopy of the 
U.S.S.R. Academy of Sciences and, in
dependently, by G. Samuel Hurst and 
his colleagues at the Oak Ridge Na
tional Laboratory. Resonance-ioniza
tion spectroscopy relies on lasers, in
tense sources of light that have wave
lengths that can be controlled with 
remarkable precision. 

To get an idea of how resonance
ionization spectroscopy works, imag
ine a polyglot crowd of hundreds of 
people of different nationalities, say 
the builders of the biblical Tower of 
Babel. The crowd represents different 
kinds of atoms and molecules. Thou
sands of linguists have studied and 
classified the languages spoken in the 
crowd, and now a dictionary exists for 
each one. Whereas once it would have 
been necessary to sort through the 
entire crowd and listen to each lan
guage in turn in order to find an indi
vidual of a certain nationality, now the 
crowd can be addressed in the appro
priate language, and one can simply 
ask anyone of the desired nationality 
to step out of the crowd. 

In the same way, lasers having a set 
of chosen wavelengths can be exploit
ed to detect a desired atom or mole
cule in a mixture. The wavelengths can 
be tuned to resonate with, or match, 
a set of characteristic wavelengths of 
the atom or molecule in such a way 
that the light ionizes the atom or the 
molecule (strips it of one of its outer
most electrons). Since the set of wave
lengths is unique to each species, 
none of the other constituents of the 
mixture will be affected. Once ionized, 
the atom or the molecular fragments 

54 SCIENTIFIC AMERICAN September 1988 

will have a net electric charge and can 
be separated from the mixture by ap
plying an electric field. 

Resonance-ionization spectroscopy 
is so selective that it can sense the 
slightest accent in the spectral lan
guage of atoms and molecules. As a 
consequence, one can detect and sep
arate species that differ only slight
ly, such as isotopes and nuclear iso
mers-which are respectively atoms 
that have the same number of protons 
but different numbers of neutrons 
(such as carbon 12 and carbon 14) and 
atoms whose nuclei contain the same 
number of protons and neutrons but 
are in different energetic states. 

The sensitivity of the technique sug
gests an entire range of applications. 
Investigators might explore the prop
erties of short-lived radioactive nu
clei. Or they could detect trace levels 
of impurities in otherwise pure ele
ments, a task that becomes increas
ingly important as the circuitry on 
silicon chips c'ontinues to shrink. In 
practice a solitary rare atom in a sam
ple containing as many as 1020 atoms 
of other elements has been registered. 

Why is resonance-ionization 
spectroscopy such a sensitive 
technique? To explain its sen

sitivity, we should recollect that the 
energies of the electrons of an atom 
are quantized: the electrons are found 
only in certain discrete energy levels. 
An atom loses energy when one of its 
electrons makes a transition from one 
energy level to a lower energy level. In 
the process the atom emits a photon 
(a quantum of light), which carries 
away the energy. The wavelength of 
the photon is inversely proportional 
to its energy, so that photons associ
ated with radiation of short wave
lengths, such as blue light, are more 
energetic than photons associated 
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with radiation of long wavelengths, 
such as red light. An electron can 
move from one energy level to a high
er level if it absorbs a photon, but the 
energy of the photon must be precise
ly equal to the difference between the 
energies of the two levels. 

The key to the selectivity of reso
nance-ionization spectroscopy is that 
atoms are ionized in a stepwise man-

nero Instead of using a single, high
ly energetic "blue" photon to remove 
an outer electron from an atom, for 
instance, two or three lower-energy 
"red" photons are employed. The first 
one or two photons excite the atom to 
an intermediate state, so that the elec
tron resides in an intermediate energy 
level, and the last photon provides the 
final boost to remove it from the atom 

completely. Although the total energy 
to complete all the steps may be 
roughly equal for various elements, 
the probability that any two kinds of 
atoms will have identical sets of ener
gy levels is zero. It is for this reason 
that resonance-ionization spectrosco
py is so well suited to ionizing individ
ual isotopes of elements. 

Another advantage of the approm::h 

PROPERTIES OF ATOMIC NUCLEI can be explored by a tech
nique called resonance-ionization spectroscopy. The wave
lengths of a laser are tuned to resonate with, or match, a set 
of characteristic wavelengths of an atom, so that the light ion
izes the atom (strips it of one of its outermost electrons). An 
applied electric field can then remove the ionized atom from a 
mixture. The technique can be exploited to explore the struc-

ture of nuclei, since the wavelengths of light emitted and 
absorbed by an atom depend on the structure of its nucleus. In 
this laboratory at the B. P. Konstantinov Institute of Nuclear 
Physics in Gatchina in the U.S.S.R., atoms are sorted according 
to mass by the apparatus at the top and are irradiated with 
light of controlled wavelengths from lasers at the bottom. A 
schematic diagram of the setup is shown at the top of page 57. 
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is its almost universal applicability. It 
can be made to work for virtually any 
substance, if one can form an atomic 
beam of the substance. In some cases 
the sample must first be vaporized. 
By simply heating the sample with a 
wire filament, a low-power laser or a 
beam of atoms, one can usually obtain 
a vapor whose composition reflects 
that of the original sample. 

Finally, the technique is extremely 
efficient. Measurements can be made 
within a short period, dispensing with 
the prolonged observation times char
acteristic of other spectral methods, 
in which weak signals from many at
oms are collected. The operation time 
of resonance-ionization spectroscopy 
is determined by the duration of the 
laser pulses. In typical experiments 
the pulses are about 10 nanoseconds 
(billionths of a second) long. As short
er pulses are exploited, the operation 
time should be brought down to the 
range of picoseconds (trillionths of a 
second) or even femtoseconds (thou
sandths of picoseconds). 
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The first successful tests of the 
stepwise resonance ionization of at
oms were done in 197 1 at my insti
tution. The work involved rubidium 
atoms. Since then many laboratories 
around the world have met with suc
cess in applying the technique to a 
variety of substances. 

In 1977, for instance, workers em
ployed the technique to detect sin
gle atoms of an element for the 

first time. Hurst and his colleagues at 
Oak Ridge carried out the resonance 
ionization of individual atoms of cesi
um. The electron stripped from each 
atom was detected with a Geiger 
counter, an instrument that produces 
a measurable current proportional to 
the number of electrons entering it. 

That same year G. I. Bekov and V. I. 
Mishin of the Institute of Spectrosco
py near Moscow ionized sodium at
oms that were part of a beam of parti
cles. They used two tunable lasers 
(lasers with adjustable wavelengths). 
The first excited the sodium atoms to 
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CONCEPTUAL BASIS of resonance-ionization spectroscopy is that the energies of 
electrons in an atom are quantized: the electrons cannot assume arbitrary energies 
and are found only in certain discrete energy levels. Some of the energy levels of a 
sodium atom are depicted. Each of the two outermost electrons has its lowest pos
sible energy when it is in its ground state (designated 3s). Such an electron can be 
stripped from a sodium atom when it absorbs a photon (a quantum of light) if the 
photon has an energy of at least 5. 14 electron volts. (The energy of a photon is 
inversely proportional to its wavelength: the higher the energy, the shorter the 
wavelength.) To make the technique as selective as possible, atoms are ionized in a 
stepwise manner. A sodium atom, for instance, is ionized by exciting the electron 
first to an intermediate level, 3p (arrow at lower left), and then to a highly excited 
state, 13d (arrow at upper right); final removal is accomplished by an electric field. 
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an intermediate state and the second 
raised them to a highly exci,ted state 
near the ionization limit. The outer
most electrons of such highly excit
ed atoms, which are sometimes called 
Rydberg atoms, are so weakly bound 
that the atoms can be ionized easily by 
a pulse of electric field. In this case the 
ions were accelerated and deflected by 
the same electric field that did the 
ionization, and they were registered 
by an electron multiplier. 

Resonance-ionization spectroscopy 
has also yielded information about 
the nature of atomic nuclei. In particu
lar, it is currently being used to meas
ure the mean nuclear radii of short
lived isotopes produced in collisions 
between protons and fixed targets of 
matter. The work, which is being done 
at the B. P. Konstantinov Institute of 
Nuclear Physics and at the Institute of 
Spectroscopy, represents a new trend 
in experimental physics: a blending of 
laser physics and nuclear physics. 

In this study the short-lived ele
ments are allowed to diffuse out of the 
target in which they are generated and 
to pass through a separator that sorts 
them by mass. The resulting mixture 
consists of elements that have the 
same mass (the same total number of 
protons and neutrons) but different 
atomic composition (different num
bers of protons) and isotopic compo
sition (numbers of neutrons). The at
oms then pass into a vacuum, where 
they are irradiated by pulses of light 
from three tunable lasers. The wave
lengths of the lasers are set to select a 
particular element. By changing the 
mass of the elements allowed to enter 
the vacuum, one can compare how the 
energy levels of an individual element 
vary as the number of neutrons in the 
nucleus is changed. 

According to theory, the energy lev
els of an atom depend ever so slightly 
on the volume of the nucleus. For this 
reason, measurements of how the en
ergy levels of an atom shift as a func
tion of the number of neutrons in the 
nucleus can help to determine the 
radius of the nucleus. This has made it 
possible to measure the nuclear radii 
of long-chain short-lived isotopes of 
europium and a number of the "rare 
earth" elements in relation to the nu
clear radius of the stable isotopes. The 
results show that as the number of 
neutrons decreases, the radius first 
diminishes and then grows larger. 
This anomalous behavior probably re
sults from nuclear deformation. 

The early success of resonance-ion
ization spectroscopy suggests that in 
the near future the method should be 
competitive with existing methods of 
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APPARATUS for detecting single atoms is shown schematical
ly (left), together with a picture of the vacuum chamber (right) 
in which the atoms to be detected undergo resonance ioniza
tion_ The first stage of analysis is to heat a sample, forming 
a beam of atoms. The beam travels upward through a re-

gion bounded by two electrodes. Pulses of laser light and pul
ses of electric field ionize specific kinds of atoms; other kinds 
of atoms continue traveling upward. The pulses of electric 
field draw the ions to an electron multiplier (cylinder at right), 
which counts the number of ions generated in the process. 

nuclear physics in detecting very rare 
long-lived radioactive isotopes. �other application of resonance

ionization spectroscopy is the . 
analysis of trace elements in 

natural materials of complex compo-

sition, such as seawater, ores, soils 
and biological tissues. It is now possi
ble to identify traces of elements at a 
sensitivity level of one part per trillion. 
In my view this opens up new and 
interesting possibilities for studying 
the distribution of ultralow concentra-

tions of rare elements in the earth's 
crust and in seawater, and thereby 
gaining insight into the geological his
tory of the earth. 

Knowledge of the distribution of 
rare elements in seawater is important 
for oceanography, geology, geochem-

PROPERTIES OF ATOMIC NUCLEI are probed with resonance
ionization spectroscopy. Nuclei are produced by accelerating 
protons to an energy of one billion electron volts and aiming 
them at a stationary target. Short-lived nuclei that have life-

X ON-LINE 
CHAMBER 

times of from several seconds to several hours are studied in 
the on-line chamber ; longer-lived nuclei are studied in the off
line chamber. The investigations are carried out with pulses 
of laser light from three lasers that have tunable wavelengths. 

SCIENTIFIC AMERICAN September 1988 57 
© 1988 SCIENTIFIC AMERICAN, INC



., 
METALLIFEROUS 
SEDIMENTS 
RUTHENIUM: 1.7 PPB 
RHODIUM: 3.5 PPB 

TRACE ELEMENTS in seawater, river water and various sediments and deposits were 
analyzed on shipboard by resonance-ionization spectroscopy during the 12th cruise 
of the research vessel Akademik Mstislav Keldysh in 1986. To enhance the speed of 
analysis, workers used a sorbent that extracted the noble metals (corrosion-resistant 
metals such as gold and platinum) from seawater or other solutions. After the 
sorbent had absorbed the metals, it was incinerated and the ash residue was 
vaporized by heat in a vacuum to form an atomic beam that could then be subjected 
to resonance-ionization spectroscopy. These techniques made it possible to obtain, 
for the first time, data accurate to within one part per trillion concerning the con
centrations in oceanic materials of elements in the same chemical group as platinum. 

istry and cosmochemistry. Investiga
tions in this area also increase our 
understanding of the processes in
volved in the formation of the litho
sphere (the hard outer layer of the 
earth that includes the crust). In addi-
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tion, some of these rare elements are 
noble metals (corrosion-resistant met
als such as gold and platinum). Study
ing the distribution of traces of these 
elements is therefore of practical as 
well as scientific value; it could make 
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DEPTH (CENTIMETERS) 65 MILLION 
(ONE CENTIMETER EQUALS ABOUT 1,000 YEARS) YEARS AGO 

RELATIVE CONCENTRATIONS of the elements iridium and rhodium in deposits laid 
down at the boundary between the Cretaceous and the Tertiary periods (about 65 
million years ago) support the hypothesis that the earth was struck by some large 
extraterrestrial body at that time. The iridium content of the rocks was determined 
by a technique called neutron-activation analysis, and the rhodium content was 
determined by resonance-ionization spectroscopy. The concentrations of both 
elements peak sharply at the boundary between the geologic periods; this observa
tion is significant because the elements are abundant in extraterrestrial bodies and 
rare in terrestrial rocks. In addition, the ratio between the concentration of iridium 
and the concentration of rhodium-.34 plus or minus .06-matches the ratio of their 
concentrations in meteoritic matter (where it varies from .3 to .6). It is not at all 
similar to the ratio of their concentrations in crustal rocks (where it varies between 
1 and 6) or in material from the earth's mantle (where it varies between .7 and .8). 
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it possible, for example, to find new 
sources of these metals in the oceans. 

Because of the complexitY and in
constancy of the composition of sea
water and because one cannot store it 
unchanged for any prolonged period, 
it is regarded by some investigators as 
a "living organism," which should be 
analyzed immediately after sampling. 
Geologists working on land can rely on 
the later analysis of samples collect
ed in the field; oceanographers would 
prefer to be able to make the analyses 
directly, on shipboard. 

The concentrations of noble metals 
in seawater are extremely low-some
times less than one part in 1O-12-and 
so measuring them by standard spec
tral methods would require several 
stages of concentration, a difficult and 
inconvenient procedure (particularly 
at sea). Hence only scarce data are 
available on the concentrations of no
ble metals in seawater. The technique 
of resonance-ionization spectroscopy 
is a promising alternative. 

To make analytical measurements 
on shipboard, investigators from the 
Institute of Spectroscopy and the In
stitute of Oceanology in Moscow have 
developed an "expeditionary" model 
of a laser-resonance-ionization spec
trometer, which was mounted on the 
research vessel Akademik Mstisfav Kef
dysh for its 12th cruise (in 1986) and 
used to determine the concentrations 
of gold and of metals belonging to 
the same chemical group as platinum 
in seawater, in suspensions, in sedi
ments, in marine minerals and in sul
fide ores. Workers thus obtained a 
good deal of interesting information 
and proved that it is possible to make 
ultrasensitive analyses on board ship 
without relying on traditional proce
dures, which are tedious and involved. �other successful application of 

ultrasensitive laser analysis has 
been in the study of rare geo

logical catastrophes. As many readers 
know, in recent years investigators 
have amassed a large amount of evi
dence suggesting that certain extraor
dinary events of short duration have 
taken place in geological history. It has 
been hypothesized that these events 
came about when large extraterres
trial bodies struck the earth; the col
lisions seem to have left traces in 
the form of geochemical and isotopic 
anomalies, which coincide with major 
biostratigraphic boundaries. 

For example, the most recent such 
event seems to have taken place about 
65 million years ago, near the bound
ary between the Cretaceous and the 
Tertiary periods, roughly coinciding 
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with the extinction of the dinosaurs. In 
1980 Luis W. Alvarez and his col
leagues at the University of California 
at Berkeley became interested in this 
"great Mesozoic extinction"; they ex
amined the concentration of iridium 
in rocks that had formed at the Cre
taceous-Tertiary boundary. Iridium is 
a convenient indicator because it is 
abundant in cosmic material (such as 
asteroids), whereas its concentration 
in surface terrestrial rocks is several 
orders of magnitude lower. 

The concentration of iridium in sed
imentary rocks corresponding to the 
Cretaceous-Tertiary boundary turned 
out to be so high that it could not be 
explained by the gradual accumula
tion of extraterrestrial material from 
such "background" sources as micro
meteorites and cosmic dust. Iridium 
anomalies were discovered in more 
than 50 geologic sections taken from 
places all around the globe. One inter
pretation was that the iridium was left 
by a large cosmic body that struck the 
earth, setting in motion the events 
that eventually led to the mass extinc
tion of many of the species that had 
been dominant. 

Some alternative hypotheses sug
gest that the anomalously high levels 
of iridium and other elements at the 
Cretaceous-Tertiary boundary are due 
to concentration during the course of 
sedimentation or to volcanic activity. 
In order to test these hypotheses, it is 
important to determine precise values 
for the ratios between the concentra
tions of various elements and their 
isotopes in the boundary deposits; it 
is particularly important to study the 
concentration of the platinl,lm-group 
elements, whose concentrations are 
high in cosmic material and low in 
terrestrial rocks. 

Until quite recently it has been im
possible to determine these ratios, be
cause there were no reliable methods 
for measuring the concentration of 
platinum-group elements in sedimen
tary rocks at a sensitivity higher than 
one part in 10-". The only exception 
was iridium, which could be detected 
in concentrations as small as one part 
in 10-11 by a technique called neutron
activation analysis. 

Now, however, laser-resonance-ion
ization spectroscopy has made it 
possible to determine with great pre- . 
cision the concentration of any plati
num-group metal in geological sam
ples. Investigators at the Institute of 
Spectroscopy and the V. I. Vernadsky 
Institute of Geochemistry and Analyti
cal Chemistry in Moscow have meas
ured the ratio between the concentra
tions of rhodium and iridium in Cre-
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TRACE QUANTITIES OF MOLECULES are detected by resonance-ionization spectros
copy. A low-density gas containing molecules to be detected is put in contact with a 
cold surface. The molecules collide with the surface and are absorbed onto it, ac
cumulating with time. An'infrared laser pulse is then aimed at the surface, liberating 
most of the absorbed molecules and causing them to rise like a cloud. A pulse from 
another laser ionizes specific molecules, which are then collected and sorted by mass. 

taceous-Tertiary boundary deposits 
from a section of the Sum bar River 
valley in the Turkrnen Republic of the 
U.S.S.R. The ratio of the concentration 
of rhodium to the concentration of 
iridium in these samples is .34, with 
an uncertainty of .06. This agrees very 
well with the ratios typically found in 
meteorites (between .3 and .6), but it is 
quite different from the ratios found 
in crustal rocks (between 1 and 6) and 
in material from the earth's mantle 
(between .7 and .8). 

This result gives us reason to be
lieve the concentrations of platinum
group elements at the Cretaceous-Ter
tiary boundary are not the result of 
accumulation during sedimentation 
or volcanic activity. Rather, the data 
point unambiguously to some extra
terrestrial origin for the anomalously 
high concentrations of iridium and 
support the hypothesis of Alvarez and 
his co-workers, namely that the iridi
um anomaly is the trace of a collision 
between some large cosmic body and 
the earth. By determining the ratios 
between the concentrations of other 
platinum-group elements, it may even 
be possible to determine what the 
extraterrestrial body was-whether it 
was a chondrite (a stony meteorite), an 
iron meteorite, a comet or some other 
kind of object. 

Resonance-ionization spectroscopy 

is a powerful and exciting technique. 
Indeed, the technique may eventually 
enable investigators to meet the for
midable challenge put forward by the 
late Soviet physicist Peter L. Kapitza. 
In a speech on the future of science at 
an international symposium held in 
1959, Kapitza urged the development 
of techniques that would "match a 
dog's sense of smell." With resonance
ionization spectroscopy it should be 
possible to detect molecules with sen
sitivity and selectivity that could be 
matched only by mammalian olfactory 
organs. In other words, a laser smell 
analyzer is perhaps in the cards. 
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SP E C I A L  A D V E R T I S I N G  S E C T I O N  

by 
Charles J. Di l lman 

DdOg the 1 988 W;o!e< O lymp;, G.me, ;0 (,I""y. 
the difference between first and tenth p lace in the women's 
downhi l l  event was only 1 .42 seconds. Due to the intense 
com petit ion, there has been a worldwide trend toward 
tak ing a more scient if ic approach to the development and 
training of e l i te athletes. 

The standard for this approach was set by the Eastern 
European countries. They 
first began to bu i ld  a scien
t if ic system for sports de
velopment in the 1 950's. 
The resu l ts of their sc ientif
ic work and the high level 
of academic preparation of 
their coaches was c lear
ly i l l ustrated at the 1 976 
Games in Montrea l ,  where 
the Soviet Union and the 
German Democratic Re
publ ic  dom inated many 
events. S ince that time, the 
western world has been 
trying to catch u p .  There is no doubt that it wi l l  take 
some t ime for the western countries to become 
more com petit ive due to the formidable lead ob
tained by the Eastern European countries. 

In the U . S . ,  a reorganization and em phasis on 
amateur sports began in 1 978.  At that t i me, the 
U .S .  Congress passed the Amateur Sports Act 
which establ ished new directions and goa ls for the 
American sports system . This legislation designated 
the U . S .  O lympic  Com m ittee as the main coordi 
nat ing body for a l l  amateur sports in the U .S . ,  and gave i t  
the excl usive right to market the Olymp ic  symbols in its 
efforts to raise funds for the su pport of amateur sports 
programs. 

S ince 1 978, the u.s.o.c. and its 38  N ational Governing 
Bodies ( N G B's) have been moving very rapidly to develop 
amateur sport in America and to achieve greater success 
in the internat iona l arena . To accom pl ish these goa ls, the 
u.s.o.c. init iated five major programs: 1 )  Development/ 

Funding, 2) Tra ining Centers, 3) U . S .  O lympic  Fest iva l ,  4) 
Support for World University, Pan Am and Olymp ic  Games 
and 5) Sports Medic ine and Science. 

In development funding, the u.s.o.c. prov ides su pport 
annua l ly  to each of its 38 N G B's to hel p  them develop their 
sport, increase the level of part ic i pation, train more coaches 
and offic ia ls, conduct com petit ions, and bu i ld fac i l i t ies. The 

U .S .O .c. present ly has three Tra ining Centers: Lake 
Plac id, New York; Marq uette, Michigan; and Colo
rado Springs, Colorado. A fourth Tra ining Center in 
San Diego, Ca l i fornia has recent ly been approved 
and wi l l  be operationa l in 1 99 1 . For teams electing 
to use these training centers, room and board, 
training fac i l i t ies and services are prov ided without 
charge by the u.s.o.c. 

The U.S. now has a domestic O lymp ic  Games, 
the Olymp ic  Fest iva l ,  conducted at different loca

t ions each Sum mer except 
the year of the Olympic  
Games. The U .S .O.c. a lso 
prov ides support for the 
selection and final prepa
rat ion of teams for an in
creasing nu mber of world 
competit ions. And fina l ly,  
the u.s.o.c. has made a 
significant com mitment to 
develop ing a high level 
medical and scientif ic pro
gram to assist athletes in 
a l l  sports. 

Init ia l  efforts by the 
U . S .O .c. to develop a scientif ic program were begun in 
1 978 at Squaw Val ley, Ca l i fornia and Colorado Springs, 
Colorado. However, these efforts were set back due to the 
boycott of the 1 980 Sum mer Games and the termination of 
Squaw Va l ley as a Tra ining Center. Programs and funding 
were renewed in 1 98 1  with the major focus of creating a 
fu l ly integrated core program of sports science in Colorado 
Springs and a nationa l program of scientif ic assistance. From 
1 98 1  to 1 984, laboratories in biomechanics and exercise 

Cha rles J. Dillman, PhD., is Director of Sports Science, U.S.O.c. Assistant Executive Director, U.S.O.c. Programs, in charge of  Training 
Cen ters, Sports Science, Sports Medicine, In ternational Cames Prepara tion and the Olympic Festival. Specialist in Sports Biomechanics. 

T3 
© 1988 SCIENTIFIC AMERICAN, INC



S P E C I A L  ADV E R T I S I N G  S E C T I O N  

physio logy were deve loped and grant progra m s  were e stab
l i shed to h e l p  se l ected sport s deve lop  the i r  own sc ient i fi c  
test ing  a n d  tech no logy p rogra m s. 

An eva l uat ion after the  O lymp ics  i n  1 984 i nd icated that 
further  i m provement s i n  performance ana lysi s  req ui red a 
more i ntegrated approach .  T h us the  concept of spor ts  sc i 
e n c e  wa s generated where a l l  area s re lated to performance 
en hancement would work together  to ident i fy the  factors 
that l i m i t  an ath lete' s ab i l i ty .  

T h i s  reorgan izat ion in Colorado Spr i ngs created five de
partments  i n  sport s sc ience-Co m p uter Serv ice s, Eng i 
neer ing Tech no logy, B iomechan i c s, Physio logy and Psy
cho logy; and five departments  in sport s med ic i ne- C l i n i ca l  
Care , Ed ucat ion , N utr i t io n ,  Drugs  and Dental Serv ice s. The  
pr imary foc us of t h e se group s  i s  to prov ide  sc ient i f ic ,  
med ical  and ed ucat iona l  serv ice s to the  tea m s  v i si t i ng  the  
Colorado Spr ings  Cen1er .  I n  the  spec ia l  e l i te ath l ete te st i ng  
cam p s, the  concept take s an even more i n tegrated v iew of  
performance.  

Typ ica l l y ,  med i ca l  exa m s, n ut r i t iona l  eva l uat i o n s, v i sion 
test ing,  physio logical  eva l uatio n s, b iomechan ica l  ana lysi s  
and p sycho logical  coun se l i ng are und e rtaken over a fo ur
day per iod .  W h en the  test ing  i s  comp lete,  the  ent i re med
ica l  and sc ient i fi c  team rev iews the  re sul t s  wi th  the  coach 
and ath l ete foc usi ng upon the i nterre lat ion sh i p s  among the  
areas to  dete rm ine  the  st rengt h s  and weaknesse s of each 
ath l ete .  Perhaps a poor performance in j um p i ng co uld  be 
t raced to a b iomechan ica l  prob lem or  a m usc ular weakness. 
The i nab i l i ty to tra in hard m ight  be related to poor n ut r i 
t iona l  hab i ts. T h i s m ult id i sc i p l i nary approach i nc reased the  
power of o ur test ing  progra m s  to effect ive ly  i so late the  real 
factors that were l i m i t i ng  performance.  

Whi le  the  Core Program i n  Colorado Spr ings  prov i d e s  the 
focal po int  of the  U .S . O . c .  effort s i n  sport s sc ience,  i t  i s  the 
Nat iona l  Program which h a s  the  greatest potent ia l  to make 
w idespread sign i ficant contr i b ut ion s. The  p urpose of the  Na
t iona l  Program is  to mob i l ize sc ient i fi c  expert i se i n  the  u. S .  
and to get var ious gro up s  i nvolved wi th  N G B ' s  to  he lp  them 
so lve the i r  prob le m s. To st i m ulate an i ntere st i n  sport,  var
ious grant progra m s  have been e stab l i shed in sc ient i fi c  
service s (standard ized test i ng  and eva l uat ion ) ,  re search ,  
and equi pment and techno logy. T h e se grant progra m s  have 
been succe ssful in acq ui r i ng  the serv ic es of some lead ing  
re searchers  and techno logi st s  for the  U . S .  O lymp ic  pro-
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gra m .  The  re sul t s  of some of t h i s  work are pre sented i n  
other  art ic l e s  i n  t h i s  sect ion o f  SCIENTIFIC AMERICAN. . 

The deve lopment of sport s sc ience at the  O lymp ic  lev
e l  has rece ived i nc reasing  emphasi s  i n  the u.S .  si nce i t s  
i n i t iat ion i n  1 978.  Fo ur N G B ' s  h a d  some t y p e  of sc ient i fi c  
program i n  1 982 .  I n  1 988 there a re  26 N G B ' s  that  have 
sc ient i f ic  program s. No  re search wa s be ing funded in 1 982 .  
Pre sent ly  the  S port s Med ic ine  Counc i l  i s  fund ing  approx i 
mate ly  20 projects  per year. Dur ing  the  past si x year s  the  
spor ts  sc ience budget has  i nc rea sed tenfo ld  to  an ann ua l  
budget of two m i l l io n .  S ign i ficant p rogre ss h a s  been made 
in  the  U . S .  i n  attem pt ing  to d eve lop a spor ts  sc ient i fi c  
progra m .  

The  ma in  q ue st ion i s, h o w  effect ive have t h e se progra m s  
o f  sc ient i fi c  a ssi stance been i n  h e l p i n g  t o  i m prove t h e  
performance s of U . S .  ath lete s i n  i nternat iona l  compet i t io n ?  
Perhaps the  best eva l uat ion c a n  be made b y  the  people 
these progra m s  serve-the coaches  and ath l ete s. Part i c i 
pant s have been  a sked to eva l uate t h e se p rogra m s  and the i r  
re spon se has  been  very  favorab le .  Typica l  remarks i n d i cate 
that the test ing  and i nformat ion pre sented at t ra i n i ng cam p s  
h a s  been effect ive i n  i m prov ing  t ra i n i n g  progra m s  and 
c reat i ng  an  understand ing  about some com p l ex a spect of 
performance.  When the sc ient i fi c  team can form a good 
re lat ion sh i p  wi th  a knowledgeab le  coach who is w i l l i n g  to 
i m p lement some of the recommendat i o n s, d ramat ic i m 
p rovement s i n  performance are ach i eved . 

F urther  i m provement s  i n  the  U . S .  sport s system are 
needed before we become ful l y  com pet i t ive at the  i nterna
t ional  level  i n  a l l  sport s: 

• A club system of sport needs to be developed to replace 
the declining scholastic system. 
• A national program of coach development and education 
needs to be established. 
• A dissemination system for education needs to be devel
oped so new information can reach all levels of sport. 
• More training facilities are needed for the minor sports. 
• Of course, more financial assistance needs to be given to 
each sport. 

Once t h e se a spect s of the  sport s system are e n hanced , 
the  p re sent  capab i l i t i e s  of the  med ica l  and sc ient i fi c  pro
gra m s  w i l l  be more effect ive ly ut i l ized . 
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RACING SHELLS, 
CANOES 
AND KAYAKS: 

Eastman Kodak Company 

LAUNCHING THE NEW FLEET 
by 

Edward S. "Ted" Van Dusen 

Ethe  he" t i m e  In "cent  h l;tmy , the  1 988 U .s .  O lympk 
rowing,  canoe ing  and kayak ing  tea m s  w i l l  be usi ng boat s 
designed and b ui l t  ent i re ly  in the  U .S .  I n  a concentrat
ed fo ur-year deve lopment  program spo n sored by the  
U .S .O .c ., a new fl eet o f  com po site rac ing  she l l s  has  been 
l aunched that sho uld  i m prove U .S .  medal  chance s in Seoul .  
Beca use of the  cr i t ica l  d e pendence o f  the  ath lete on 
eq ui pment,  the  26 O l y m pic boat i ng  events  are pri m e  
cand idate s for t h e  appl i cat ion  o f  modern techno logy. 

Olympic Rowing, Kayaking and Canoeing 

Olym pic  row i ng she l l s, kayak s  and canoe s race at speed s 
from 4 .5  to 5.9 meters per second (10-13 m .p·.h .) over 
course s  from 500 to 2,000 meters i n  
lengt h .  Forward mot ion occ urs  a s  
t h e  oars or  padd l e s  are planted i n  
t h e  water and t h e  boat i s  d rawn past 
the m .  The phy sica l  cha l lenge con
si st s  i n  max i m iz i ng useful h uman 
energy over  the race d i stance,  m i n i 
m iz i ng wa steful mot ion that may 
d i st urb water flow past the  boat and 
ba lanc ing a h igh ly  un stab le craft . 

The cha l l enge i n  d e sign ing  O lym
pic rowing and padd l i ng  eq ui pment  
con si st s  of maxi m iz ing  the  pro pul 
sion generated by the  ath l ete , m i n i
m iz ing  lo sse s from hyd rodynam i c  
a n d  aerodynamic  d rag a n d  accom
pl i sh i ng both wi th i n  the  re str ic t i o n s  
i m posed b y  O l y m pic regulat i o n s. 

Aerodynamic Drag 

Although aerodynamic  d rag com
pr i se s  on ly  12 percent  of the  total 
d rag on a rowing she l l  and 9 percent 
of the total d rag on a kayak at rac i n g  

speed w i t h  no w i n d ,  i m provement s c a n  be very sign i ficant.  
The tota l  d rag on  rac ing  she l l s  can be red uced near ly 1 
percent when the  standard round o ut r igger t ubes  support
ing the  oar locks  are re placed with st rea m l i ned sha pe s, and 
we have f itted several of the  U .S .  boat s with new a irfo i l  
r iggers. Th i s  co uld  re sult i n  a lead o f  about f ive meters in a 
2,000 meter race.  Aerodynamic  i m provement s i n  c loth i ng,  
oar locks, boat sha pe and other i te m s  are a l so be ing  
i nve st igated . 

Hydrodynamic Drag 

The hyd rodyna m ic d rag on row i ng she l l s, kayaks  and 
canoe s con si st s  pri mar i ly  of fr ic t iona l  d rag and pre ssure or  

wave d rag. Fr ict iona l  o r  v i scous d rag 
re sul t s  from t h e  shear i ng  act ion  of 
water f low ing  past the h ul l .  

Surface wave s are generated by 
d i splacement  h ul l s, causi n g  an  ad
verse pre ssure d ist r i b ut ion  a long 
the  h ul l .  At h igher  speed s, the  d rag 
force created by t h i s  pressure in
crea se s  uneven ly  i n  a se r ies  of peaks  
and va l l eys  a s  the  chang ing  wave 
pattern s ca use cre st s  or  t roug h s  to 
appear at the stern . 

When the  wave length of the  
wave s generated by the  boat i s  the  
same l ength  a s  the  h ul l ,  t he  boat i s  
sa id  t o  b e  t rave l i n g  at h ul l  speed . 
The wave d rag on very slender  h ul l s  
i s  sma l l  unt i l  a boat reach e s  about 
one ha l f  h ul l  speed . It then  i nc reas
e s  grad ua l l y  a s  it approach e s  h ul l  
speed , and i t  i nc rea se s  abrupt ly  a s  
h ul l  speed i s  atta i ned . Di splace
ment boat s can exceed h ul l  speed 
only i f  they have high pro pul sive 
power or  i f  t he i r  h ul l s  are slender .  

Edward S. "Ted" Van Ousen, PhD., i s  President, Composite Engineering Inc., designer and manufacturer i n  advanced composite 
construction, including wind turbine blades, rowing shells, kayaks and sail boats. Ocean Engineer and former elite rower. 
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S lender  h ul l s  red uce the  amp l i tude of t h e  wave t ra i n  so 
succe ssful ly that the  wave d rag on O lymp ic  rowing  she l l s, 
canoe s and kayak s  i s  on ly  6 to 15 percent of the  total 
hyd rodynamic  d rag. T h i s  enab l e s  them to t rave l up to twice 
h ul l  speed . As  the  cro ss- sect iona l  area of the h u l l  is  de
crea sed , the  water l i n e  length m ust i ncrease in  order  to 
d i sp lace suffi c ient  water to float the boat and crew. I nc reas
i ng  the  length of the  boat a l so i ncrease s  the  h ul l  speed.  

The decrea sed wave d rag and i ncreased h ul l  speed 
ach i eved by long slender  h ul l s  carry a doub le  penalty, 
however. F i r st the  long slender  h ul l  has a re lat ive ly  large 
wetted surface area wh ich  i ncrease s  fr ict iona l  d rag. The 
d e signer see k s  to m i n i m ize total d rag by ba lanc ing low 
wetted surface area aga i n st low wave d rag. G rooved surface 
fi l m s, such  as R ib l et s  ™ manufactu red by the  3M Corpora
t ion , can red uce fr ict iona l  d rag, but  they have recently been 
out lawed i n  i nternat iona l  com petit ion .  The second pena lty 
i s  the com parative i n stab i l i ty of slender  h u l l s .  

With stab le  boat s, the · buoyancy and we ight  forces  
combine  to cause a r ight ing torque a s  the  boat rol l s .  
H owever, row ing  she l l s  and canoes are  h igh ly  u n stab le  and 
wi l l  cap size i f  not act ive ly  ba lanced by the  rower or  padd ler .  
The  con stant ser ies  of adj u stments  re qu i red i s  m uch  l i ke 
t ry ing to balance a pend u l u m  u p side  down on your  hand.  
Th is  feat re qu i re s  a great deal  of sk i l l  and its d i ffi c u lty i s  
i nc reased b y  the  act ion of w ind and wave s. 

Towing Tank Testing 

Few we l l -doc u mented stu d i e s  of slender  h u l l s  ex i sted 
prior to 1986 when a gro u p  of us began test i ng  row ing  
she l l s, kayak s  and canoe s. Dur ing  the  fi rst phase of t h i s  
study,  a coord inate ax i s  measur ing  mach i n e  was used to 
study the  h u l l  shapes  of the  m o st com petit ive s i ng le she l l s  
and kayak s. 

These measu rement s, accu rate to .1 m i l l i meter, were 
u sed to ca lcu late hyd ro stat ic  character i st i cs  such  as wetted 
su rface area and vol u m e  d i st r ibut ion  for each h u l l .  T h ree 
new kayak s  and two new she l l s  were designed to systemat i
ca l l y  vary t h e se parameters. The f ive new mode l s ,  p l u s  fou r  
kayak s  a n d  four she l l s, were tested i n  the  tow i ng tan k s  at 
Tracor H yd ronaut ics. The total d rag on each h u l l  wa s 
measu red at several d i fferent t r i m s  (bow u p  or down) over a 
w ide  speed range. 

Towi n g  tan k  test s  showed that the d rag on  one of the new 

kayak d e signs  wa s 1.5 percent lower than the  d rag on  the 
best ex i st i ng  boat.  Two boat s copied from t h i s  model were 
de l i vered to the  u .S .  kayak team i n  ear ly 1987. U .S .  team 
m e m bers  G reg Barton and Norm B e l l i ngham raced the new 
boats to two gold meda l s  i n  the  Pan Amer ican  Games  and 
two gold medal s i n  t h e  Wor ld Champ ionsh i p s  i n  1987. 

One row i ng she l l  cu rrent ly be ing  manufactu red by a u .S .  
company outperformed the o the rs  i n  the  towing  tan k ,  and  
the test s  ident if ied on ly  sma l l  i m provement s for th i s  mod e l .  
Although on ly  si ng le she l l s  a n d  kayak s  were tested , the  data 
showed that la rger she l l s  and kayaks cou ld  be sign i ficant ly 
i m p roved by vary ing  the shape and adj u st i ng  the  water l i n e  
length .  T h e se i m provements  a r e  b e i n g  i m p lemented i n  the  
d e sign and con struct ion of a f leet of boat s for the  u .S .  
rowing,  kayak ing  and canoe ing  tea m s. The  h ul l s  of t h e se 
new boat s are constructed for max i m um h u l l  r ig id i ty .  Very 
st iff  honeycom b-cored carbon fi ber composite mater ia l s  
are be ing  u sed , si nce h u l l  f lex i n g  and v i brat ion  can i ncrease 
turbu lence and d rag. 

The tow i ng tan k te st s  showed that the d e sign and con
struct ion of row ing  she l l s  and kayak s  sho u l d  be appro priate 
to the we ight  and size of the crew. The women' s e ight
oared she l l  offered the greatest opportun ity for i m p rove
ment in t h i s  area. We are b u i l d i ng a women ' s  eight spec ia l l y  
des igned for the  lower average we ight  and size of a 
women's  crew. 

Other recent tech no logica l  research in row ing  and pad
d l i n g  i nc l udes the  d e sign , con struct ion and test i ng  of l ight
we ight  com posite kayak pad d l e s  by G reg Barton .  The 
we ight  of  the new pad d l e s  is  l e ss than ha l f  the  we ight  of 
the best wood padd les .  Also,  the  U n iversity of Ca l i forn ia' s 
L ivermore Laborator ies  have deve l oped i n stru mentat ion  
d e signed to i nstantaneo u sly mea su re the power o utput  of a 
rower,  the  synchrony of rower s  i n  team boat s and physio
logica l  parameters such  a s  heart rate. T h i s  i n st rumentati on 
shou ld  h e l p  to i nc rease the effect ive power output  of 
i nd i v i dua l  rower s  and crews and a id  i n  team se lect ion .  

The  d i fference between an Olympic  gold medal  and a 
four th  p lace fi n i sh  i s  often a fract ion of a secon d ,  and 
i m p roved e qu i pment  can often make t h i s  d i fference.  O n  
the other hand , the  most tech nolog ica l l y  sop h i st icated 
e qu i pment cannot guarantee an O lymp ic  w i n .  In the end , 
O lymp ic  meda l s  w i l l  be awarded to those ath letes who,  by 
the i r  sk i l l ,  cou rage and ded icat ion t ran sform tec h no logica l  
sop h i st icat ion  i nto v ictory. 

COMPOSITE ENGINEERING INC. 
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GAINING THE 
COMPETITIVE 
EDGE: 

HIGH-TECH TRAINING TOOLS 
by 

Edmund R. Burke 

At the  O lymp 'c  Tca " ' ,g  Ceote, " Colocado Sp" ,g" 
cyc l i st s  r ide b icyc le si m ulators for hours, w h i l e  e l ect ron ic  
mon itors record the i r  power ,  effi c i ency,  hear t  rate and  
oxygen con sum pt io n .  H undred s of e l i te rowers t ra in  and 
com pete i ndoors usi ng com p uter ized rowing  si m ulators  
when bad weather  kee p s  them off the  water.  

I ncreasi ng ly,  the  magic of e l ect ro n i c s  and com p uters i s  
be ing harne ssed b y  spor ts  sc ient i st s  t o  analyze everyth i ng  
from a po le  vaulter' s take off to a long  j um p  land ing.  
Nat ionwide,  i maginat ive h igh -tech t ra i n i ng device s wi th  
b iofeed back are he lp ing ath lete s  to i m p rove , and coaches  
to  sc ient i f ica l l y  ga uge ath let ic  performance.  

lasers Hit the Bulls' Eye 

A team of re searchers  from i n d ust ry and the  U .S .O .c .' s  
sport s sc ience gro up have deve loped a r i f le o r  p i sto l  
mounted laser  to t rack the  movement  of gun sigh ts. The 
laser,  about the size of your t h um b ,  fi re s an i n v i si b l e  
i nfrared beam a t  the  target , wh ich  i s  recorded by  a spec ia l  
v ideo camera .  A mon itor near the  shooter a l lows the  coach 
to o b serve the  shooter' s a i m  before the  gun i s  fi red , and a 
v ideo record ing  perm i t s  later v iewing and ana lysi s  by both 
the coach and ath lete 
of the  shot execut ion 
and fo l l ow th ro ugh . 
The laser  system i s  be-

ing actively used by the e l i te shooters on the U .S .  tea m .  

Ultimate Indoor Training 

Ergometers, device s wh ich  mea sure the  power generat
ed by ath letes, have been used for decade s  in t ra i n i ng.  Sta
t ionary ergometers are based on the m o st common for m s  
of exerci se .  Tread m i l l s  reprod uce wa l k ing,  run n i ng or  sta i r  
c l i m b i ng. Other  mac h i n e s  q uite acc urate ly  si m ulate row
ing  or cyc l i ng.  Arm-crank  e rgo meters can d up l i cate the ac
t ion of pad d l i ng a canoe. S i nce 1986 , com p uter-contro l l ed 
exerc i se e rgometers have been i nt rod uced wh ich  great ly  
expand the i r  val ue a s  t ra i n i ng  and re search too l s. Two of the 
m o st i m agi nat ive are i n  rowing  and cyc l i ng.  

I n  1986 , former Olympic oarsman Dick  Dre i ssigacker and 
h is  brother  Pete,  a long wi th  Dick' s w i fe J udy,  (who is  a 
com p uter spec ia l i st) d e signed a si m p l e  and econom ic  com
p uter ized rowing  e rgometer which use s a f lywhee l  and fan 
for load ing.  The d i sp lay screen on the  e rgometer can 
se lect ive ly regi ster power,  speed , st roke rate , t i m e ,  d i s
tance and ca lor ic  energy con sumpt ion.  A l m o st every com
pet i t ive row ing program i n  the  U .S .  now use s the  ma
c h i n e  for Wi nter t ra i n i ng or  pre l i m i nary team se lect ion . 

When coupled wi th  
a mon itor,  the  screen 
can d i sp lay several 
boat s rac ing  si m ulta-

A stick Figure sequence of the long jump used in biomechanical analysis. The Figures were computer generated by 
digitizing a high-speed video Film at the Biomechanics Department of the Sports Science Program at the U.S. D. C. 

Edmund R. Burke, PhD., is Director, New Product Development, Spenco Medical Corpora tion.  Specia list in sports physiology and training 
of elite athletes; author of four books and over 7 00 scientific articles. Former Technica l Director, United States Cycling Federation.  
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lance Neibauer. Aircraft designer. His award-winning Lancair kitplanes are 

the nation's top-selling homebuilts . Now using the new HP-28S,  the only 

calculator that can do symbolic algebra and calculus, retrieve and combine 

graphs instantly HP Solve lets him enter his own formulas. More than 1 500 

functions and 32K bytes of RAM make it the world's most powerful scientific 

calculator. John Marconi . Air pollution control engineer. Project leader for 

study on cancer-causing air pollutants. Needs to solve statistical and financial 

problems. Innovation takes Perfect j o b  for the new 

a calculator p'acked with HP-27S. It's th� only 

scientific calcu- new Ideas. lator with business functions. It also 

offers easy-to-follow menus and optional solutions books.  Hewlett-Packard's 

new range of calculators is built for your success. For the name of your 

nearest Hewlett-Packard dealer, call 1 -800-752-0900, Ext. 142C 

©1988 Hewlett-Packard Company 
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S P E C I A L  A D V E R T I S I N G  S E C T I O N  

neous ly .  Th i s  featu re has spawned i ndoor com pet i t ions 
th roughout  the U . S . , and last  year a wor ld champ ionsh i p  
was h e l d  i n  Boston wi th  over 100 e l i te rowers compet ing 
f rom a l l  over  the  worl d ,  i n c l u d i n g  a team from the  U .S . S . R .  

I n  cyc l i ng, an i ndoor computer-contro l l ed t ra i ne r  d e 
s igned b y  B r u c e  Sargeant a n d  a gro u p  from Front l i ne  
Tec h no logy s i m u lates w ind  res istance , h i l l s  and i nert ia  to 
work m usc les in the same manner  as when r id ing  outdoors.  
The t ra iner  a l lows the  cyc l i st to use his or  her  own b icyc le 
and g ives the  cyc l i st i m med iate feed back of speed , t i m e ,  
cadence,  heart-rate , power o u t p u t  and ca lor ies b u rned .  

The computer' s  most  notab le  funct ion  i s  race s i m u lat ion .  
The cyc l i st can choose f rom a var iety of pre-programmed or  
se lf-des igned road or  t rack courses .  The b icycle and the 
course profi l e  a re  d i sp l ayed on the  LCD screen ,  and the  
peda l i ng  res i stance automat ica l l y  i nc reases or  decreases 
with the speed , rate of acce le rat ion  or  with c l i m bs and 
descents .  

Video Studies of Motion 

Trad i t iona l ly ,  b iomechan i sts  have depended u pon h igh 
speed fi l m  to capture deta i l ed  i mages of ath l etes i n  compe
t i t ion .  However,  h igh -speed v ideo has several advantages 
over fi l m .  I t  i s  i nexpens ive and easy to d u p l i cate , gives 
i n stant feedback, records in d i m  l ight  and a l lows research
e r s  to  i m pr int  s i m u ltaneous t i m i ng or  other  data on the 
v ideotape. An even greater  benefit i s  t hat v ideo output  can 
be fed d i rect ly to computers for d i s p lay and ana lys i s .  

U nder  a u .s .o .c .  spor t s  sc iences progra m ,  h igh-speed 
video fi l m i ng i s  ava i lab le  to al l  of the O lymp ic  sports .  For 
examp le ,  track and fie ld , the spr in t s ,  the m idd le  d i stances,  
the  h u rd le s ,  the  pole vau l t ,  the  long j u m p ,  the  t r ip le  j u m p ,  
t h e  h igh j u m p  a n d  t h e  hammer  t h row have been act ive
ly fi l med and ana lyzed by U . S . O . c . -sponsored sc ient i s ts .  

Each frame from the  

ground .  By shorten ing  h i s  s t r ide  s l i ght ly  and mak ing other  
adj ustments , Fenton was  ab le  to i m prove h i s  t i m e  i rl  the  
20-k i lometer wa l k  by about  5 percent .  

Swimming Treadmill 

At the  O lymp ic  Tra i n i ng Center i n  Colorado Spr i ngs a new 
swi m m i ng fl u m e  has been added to the fac i l i t i e s .  The 
swi m m i ng fl u m e ,  the water equ iva lent  of a wind t u n n e l ,  
a l lows the  swi mmer  t o  swi m i n  p lace as water i s  c i rcu lated 
by p u m ps located at the bottom of the fl u m e .  On one s ide  
of the  fl u m e  a wi ndow perm i t s  observat ion  and v ideo 
tap ing of the  swi m mer .  The velocity and tem perature of the 
water i n  the  fl u m e  can be accu rate ly contro l l ed .  

F l u mes are not  new,  and have been  used  by  top  swi m 
mers i n  other  countr ies  for years , b u t  t h i s  i s  the  fi rst one 
ava i l ab le  i n  the  U .S .  Future work wi l l  i n vest igate the  fou r  
com pet i t ive strokes ,  (the  c rawl , back stro ke , breast st roke 
and butterf ly) for tech n i q u e ,  energy cost and active d rag. 
The fl u m e  can be used to meas u re oxygen cons u m pt ion 
and a id  each swi m mer  to learn  a pace wh ich  i s  most 
effi c ient for h i m  or  her .  I t  w i l l  a l so be used by com pet i t ive 
kayakers and canoeists to i m p rove the i r  row ing  sk i l l s .  

Athletic Radar 

Recent ly,  a ser ies of pu l se mon itors have come i nto 
common use wh ich  featu res a memory fu nct ion that can be 
l i n ked to a portab le  com puter .  They can be programmed to 
beep when the pu lse reaches a target zone .  The u n its  
t ransm i t  the  h eart beat  from sensors on a c hest s t rap to a 
watch -s ize mon itor on the  wr is t .  They are used by ath l etes 
as a pac ing  and t ra i n i ng too l ,  and by researchers to study the  
effect of h eart rate on performance.  

The most advanced device i n  th i s  category em p loys the 

h igh-speed v ideo i s . 
converted to a d igita l  
computer i mage , and 
may be en hanced us i ng  
techn iques  deve loped 
for sate l l i te i magery. 
The coord i nates of the  
ath l ete' s jo i nts are 
marked frame by frame,  
and the  d igi t ized mo
t ion seq uence i s  t hen  
avai lab le  for computer  
ana lys i s .  With a second 
camera ,  a th ree-d imen
s iona l  computer ized 
i mage can be created 
that may be v iewed 
from any ang le .  

HIGH-TECH TENN IS 
u l t rasound  Dopp ler  ef
fect to meas u re speed , 
and us i ng  speech syn
thes is  t h rough an ear
phone, i t  u pdates the 
ath lete on t i m e ,  h eart 
rate,  d i stance and 
speed . Deve loped by 
N i ke I n c . ,  the  mon itor 
can be used i n  r u n n i ng ,  
cyc l i ng,  sk i i ng,  s kat ing  
or  any spor t  where 
speed i s  cr i t ica l .  

F o r  examp le ,  e l i te 
race wa l ker  Mark Fen
ton's  ga i t  was fi l m ed 
and h i s  d igi t ized i mages 
showed that he  had a 
tendency to p lace h i s  
lead i n g  foot too far o u t  
i n  front o f  h i s  center 
of grav ity .  Th is  caused 
� im to sh ift back at i m 
pact a n d  dece lerate as 
h i s  foot touched the  

T I O  

For  the fi rst t ime,  tenn i s  wi l l  be a meda l  spor t  i n  the Olympics .  
Most of the  p layers wi l l  be top profess iona ls  who are wi l l i ng to 
forego pr ize money d u r ing the  Olympic games.  The fol lowing  
facts have been  provided by  ten n i s  techn ical experts Jack 
G roppe l  and Tracy Leonard: 
• Mid-s ize and larger rackets have a high rotat iona l  i nert ia and are 
therefore more stab le  on off-center shots .  Probab ly  95 percent of 
a l l  shots are hit somewhat off center. 
• Radar-gun tests have shown that the best p rofess iona ls  can 
serve the ba l l  from 1 20 to 1 40 m . p . h .  with an occas iona l  fi reba l l  
exceed ing 1 50 m . p . h .  W h e n  a ba l l  bounces i t  looses from 20 to 
50 percent of its speed depending u pon the p laying  s urface . 
• I n  p rofess ional  matches, the average p laying  t ime per point i s  
5 .2  seconds on grass, and nearly 1 0  seconds on clay. Although 
actua l  p laying  t ime i s  short, heart rates can go as h igh as 1 90 in 
e l ite ten n i s  matches,  and norma l ly  stay h igh s i nce there i s  on ly  
about 30  seconds for recovery between points .  
• When sp in  i s  pu t  on a bal l ,  a i r  pressure d i fferences on  the 
s urface cause the ba l l  to curve i n  fl ight .  Top sp in  d rops the ba l l  
and u ndersp in  lengthens the shot.  At h igh  a l t i tudes, low a i r  
fr ict ion on  the ba l l  speeds u p  the game so much  that s lower 
courts and ba l l s  are often used to s i m u late sea leve l cond it ions .  
• The v ib rat ional  frequency of a tennis  racket is  70- 1 00 cycles 
per second (c .p .s . ) ,  of the ba l l ,  350 c.p .s .  and the str i ngs, 
600-700 c .p . s . Tun i ng the frequency of the racket and str i ngs for 
maxim u m  energy retu rn  is a deve lop ing trend i n des ign . - C . K. 

Ath l etes are now us
i ng  computer ized de
v ices that g ive rea l t ime  
feed back,  as we l l  a s  
o the r  advanced me
chan ica l  and e lectron
ic  t ra i n i ng  a ids  to h e l p  
them i m prove perform
ance .  Other  dev ices 
make i t  poss i b l e  for 
coaches and sc ient i s ts  
to q uant i tat ive ly meas
u re and ana lyze per
formance and to sug
gest i m p rovements  to 
the  ath l ete.  These t ra in 
i ng  too l s  were u n heard 
of on ly  10 years ago . 
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THE MODERN 
TECHNOLOG Y 
OF ARCHERY 

by 
James L. Easton 

A CChNY ;, , ,de",e , ,poet "d hobby.  The be" 
archers can shoot ar rows with i ncred i b l e  cons i stency and 
accu racy. They m u st t ra i n  for long h o u rs to ach i eve repeat
able physical mot ions of ho ld i ng, a i m i ng,  re l eas i ng and 
fol l ow-th rough .  In World and O lymp ic  com petit i o n ,  arch
er s  m u st shoot for over  30  hours i n  fou r  consecut ive days , 
so cond i t ion ing  is v i ta l l y  i m portant .  Today' s archer  is a fi ne
ly d i sc i p l i ned and t ra i ned ath lete.  

In the Olymp ics ,  men shoot from 3 0, 50, 70 and 90 
meters; wom e n ,  f rom 3 0, 50, 6 0  and 70 meters .  They shoot 
36  arrows at each d i stance.  Both men and women can 
gro u p  most of the i r  arrows i n  a 9 .6- i nch  center that enc loses 
the  10 and n i n e  point scori ng areas-known as the  go ld .  

Such u n be l ievab le  accu racy i s  d u e  not  on ly  to t ra i n 
i ng  and  sk i l l ,  but  a l so to the  comb i ned techno logy of  
the  bow and arrow. Tou rnament bows and arrows a re  made 
of space-age materia l s .  Modern bow l i m bs use a syntactic 
foam that i s  sandwiched between u n id i rect iona l  f iber
glass and carbon fi ber .  The combi nat ion offers l ightness,  

When An Arrow Isn't Straight. Upon release ( b ) ,  an 
arrow of proper stiffness oscillates around two bend
ing nodes (c) which are on the line of sight to the 
target. This necessary oscillation allows the fletching 
on the arrow to clear the bow handle. 

HOR I ZONTAL 
ARROW SUPPORT 7W HANDLE 

o .  B E F O R E  
RElEASE 

b. RElEASE 

c .  REVERSE 
CYCLE 

d. FULL 
CYCLE 

strength and except iona l  speed and stab i l i ty .  
Probably the  most cr i t ica l  part of the  eq u i pment  i s  the 

arrow. The  best target arrows are made of carbon fi ber 
m i xed wi th  fi berg lass,  or of u l t rat h i n -wal led , h i gh -strength 
a l u m i n u m  sheathed i n  h igh -mod u l u s  carbon fi ber .  Bu t  no 
matter what the arrow mater ia l ,  a l l  the  arrows of each s i ze 
m u st be stra ight  wi th i n  . 003 i nch , we igh the  same wi th i n  
p l u s  or  m i n u s  1 percent a n d  b e  t h e  same st i ffness w i th i n  a 
few thousandths  of an i nch  deflect ion .  They m u st a l so be 
matched in st iffness to the i r  l ength and the pounds  of p u l l  of 
the  bow, and each archer' s  shoot ing sty le .  

Ident ica l  st iffness i s  i m portant,  because of what i s  known 
as the  archer' s  paradox .  An arrow m u st flex  i n  a u n i form 
way to ach i eve maxi m u m  accu racy. Accu racy deter iorates 
when an arrow i s  e i ther  too st i ff or too f lex i b l e .  The bow 
acce le rates the arrow to fl ight  ve loc i t ies  of over 220 feet per 
second wi th  enormous forces that buckle the  arrow and set 
up v ib rat ions  in the arrow that cont i n u e  al l  the way to the 
target. Yet with the r ight m i x  of weight and f lex i b i l i ty ,  i t  goes 
on to h it the mark with remarkab le  prec i s ion .  

When  the  bow st r ing  i s  rel eased , i t  s l i des  around  the  
fi ngers w i th  a s ideways d i s p lacement .  Th i s  causes the  arrow 
to bend toward the  bow and sets up an osc i l lat ion wh ich  
a l lows the  arrow to  snake aro u nd the  bow hand le  wi thout  
phys ica l  contact , except  i n it i a l l y  [ see diagram at left] . I dea l ly  
the  arrow wi l l  go through near ly one comp lete bend cyc le  
a l low ing  the  f letc h i ng to c l ear the  hand le .  

Tec h no logy has d ramat ica l ly  i m p roved the  arrow. A re
cent ly developed arrow shaft, to be used by U . S .  O lymp ic  
archers ,  i s  a carbon fi ber barre l - shaped shaft b u i l t  on a th i n  
wa l l  (. 006 i nch )  h igh -strength  a l u m i n u m  core tube .  The 
t h i n ner ,  l ighter  ends  red uce the  overa l l  weight  and create a 
h igher  frequency v i brat ion that more c lose ly  approaches  
the  opt i m u m  one fu l l  cyc le  at the  moment  the  feathers or 
plast ic vanes pass the bow. The arrow t h u s  a l lows a great
er marg in  for error in release tec h n i q u e .  A l so,  the h igh 
er  ve loc i ty of t h i s  new shaft, wi th  i t s  shorter fl ight  t ime,  
i ncreases accu racy by decreas i n g  the  effects of w ind  and  
weather  on t h e  arrow. 

The techno logy of w i n n i ng in modern archery has be
come a comb inat ion  of the  most advanced eq u i pment ,  the 
most advanced physical and mental t ra i n i ng and that e l u 
s i v e  com pet i t ive sp i r i t  of a w in ner .  

James L .  Easton is  President, Easton Aluminum Inc . ,  sporting goods manufacturer. Commissioner of A rchery, 1 984 Olympics . Chairman, 
International A rchery Federation Development and Technical Committee. Member U.S. O.c. Sports Equipment and Technology Committee. 
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Just because youre strong doesn't mean 
you have to s}lOw off So most of the 
Sentra's screllVS, like the ones under the 
console, do their jobs out of sight. 

Defroster grills that just pop in can too 
easily just pop out. Which is why ours are 
secured with screllVS and steel clips. 

The quality of our scre\iVS is as important 
as the quantity For example, in spots 
where corrosion might be a problem, we 
use only anodized or cadmium-plated 
scre\iVS and fasteners. 

Special weatherstripping fasteners around 
the Sentra's doors mean the only whisdes 
youre likely to hear will be ones from 
admiring passersby 

For anyone else, two scre\iVS would be a 
sensible number to hold the map pocket in 
place. For Nissan, five made more sense. 

'EPA estimate, 29 EPA esc. dey, 36 EPA esc. highway 
with 5·speed Use these EPA estimates for comparison. 

Unlike some cars, the 
hinges on the Sentra are So if 
they ever need to be replaced, we can do it 
with a screwdriver instead of an arc welder 
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we also batten down everything under 
the hood-like using fourfasteners to hold 
the air deaner in place instead of just one. 

we put extra screws in the instrument 
panel, to help assure your Sentra will be 
just as rattle-free on the 365th dayyou 
drive it as it was on the first. 

rou might never notice the Ml!fCrel-vs 
along the doorsill. But if tho/weren't there, 
you might notice the sill getting kicked 
loose after a few months. 

Over time, door 
fasteners can up with bulging middles. 
The Senna E's panels have 14 fasteners 
each, so theyl1 always stay in great shape. 

Pick the wrong economy'" car, and you could 
hear about it down the road. In the form of 

, rattles, and other annoying reminders. 
Buy a Nissan® Sentra� and you're getting a car 

that's put together to stay together. For example, 
we dorit skimp on the little things that keep dash

from squeaking, weatherstripping hom 
..,,"""""1""\ "" and door panels hom bulging. 

before you buy just any economy car, 
a Nissan SentraYou'd be crazy not to. 

� 
N ISSAN 

�® 
Built for the Human Race: 

© 1988 SCIENTIFIC AMERICAN, INC
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SEOUL 
SHOES: 

Eastman Kodak Company 

BIOMECHANICAL AND TECHNICAL 
DEVELOPMENTS IN RUNNING SHOES 

by 
E. C. Frederick 

S hoe de,ig"e" t,ke "wnd to no one i n  the e"g i neec� 
i ng  cha l l enge compet i t io n .  I magi ne  des ign i ng  a shock at
tenuat ing  device that m u st weigh u nder  seven ou nces and 
su pport and protect a 1 50-pound bou nc ing body that s lams 
i nto the  ground  with a force t h ree t imes i t s  weight.  And , as 
i f  protect ion from one of these co l l i s ions  weren ' t  a tal l 
enough order,  these shocks occ u r  more than 90 t i mes a 
m i n ute for as long as two hours .  

Add to that spec sheet cont ro l  for sway ing  and s l i pp ing,  
and the  need to reta i n  
these propert ies over a 
range of tem peratu res 
and h u m id it ies ,  as the 
runner races over sur
faces from sand to con
crete . 

That's a fa i r  m i ss ion 
statement for a tech
n ical runn ing shoe,  
and we haven' t  even 
touched on issues of fi t ,  
fash ion ,  color or  d u ra
b i l i ty ,  not to ment ion 
the  spec i f ic  tasks  which 
these shoes wi l l  per
form . 

bu rst a spr i nter' s shoe u ppers or pee l  off so le  layers .  
At the  other  extreme from these vio lent power events  are 

O lymp ic  marathon compet i tors who pound hot pavement  
for  more than two hours and average over  1 2  m .p .h .  Even  a t  
these gent le r  speeds ,  peak  forces w i l l  approach t h ree body 
we ights .  Each event  has i ts  own combi nat ion  of stresses that 
footwear m u st w i thstand w h i l e  boost ing  performance.  

Seo u l ' s  runners wi l l  wear  featherwe ight  sp i ke shoes 
for the  spr in t  events;  softer,  s turd ie r ,  m i d d l e  d i stance 

shoes with fewer,  short
e r  s p i kes  for the 800 
and 1 ,500 m eters; and 
d i stance sp i kes wi th  
more hee l  l i f t ,  and add
ed cush ion i ng and sup 
por t  for the  5 ,000 and  
1 0,000 m eters .  Some 
steep lechase shoes  w i l l  
have mesh  u p pers that 
d ra i n  between water 
j u m ps ,  and hee l  pads 
for bou nd ing  over hard 
stat ionary barr iers .  
Some spr int shoes have 
asym metr ica l ,  "centr i f
uga l"  forefoot straps to 
cou nteract the stra i n  on 
the foot from runn i ng  
tu rn s  cou nterc lockwise .  

O lymp ic  spr i nters ac
ce lerate f rom zero to 
over  27 m .p .h .  with 
t ract ion forces exceed
ing  body weight and 
i m pact forces over  3 .5 
t imes  body we ight.  The  
i m pact shocks t rans
m itted th rough the  ske l 
eton a t  sp r i n t  speeds 
are so v io lent ,  they 
can cause headaches 
or  loosen fi l l i ngs .  And 
lean ing  i nto tu rns  at 
precarious  angles can 

Anatomically-based shoe shape includes properly scaled heel widths and 
molded-in three-dimensional foot contours. 1) Polyurethane-encapsulated, 
inflated air cushion for shock attenuation and high-energy return. 2) Struc
tural-plastic, cantilevered foot bridge slows pronation velocity. 3) Rein
forced leather exoskeleton provides stragetic support. 4) Rigid plastic heel 
counter support tames the rolling heel. 5) Waffle-type lug outsole provides 
independent suspension and traction while m inimizing weight. 6) Upper ma
terials are mesh laminates for shoe climate control and blister protection. 

Marathoners' rac ing  
flats may  have : graph ite 
re in forced s u p ports;  re
i nforced synthet ic rub
ber outso les  computer
des igned to max i m ize 
t ract ion and m i n i m ize 
wear  and i nj u ry; mois 
t u re-wick ing fabr ics;  
b reathab le  Teflon l am i 
nates; and m u l t i -dens i 
ty cush ion ing  system s  

E .  C .  "Ned" Frederick. Ph D., is the head of Exeter Resea rch Inc.,  biomechanics consulting firm serving sports and fitness companies 
including Nike Inc. Advisor to numerous Olympic athletes including six Olympic medalists. Author, over 1 00 technical a rticles and books. 
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Evelyn Ashford. Cardmember since 1983 .  

Two G O L D  M E D A L S ' 1 9 8 4  G A M E S ' L o s  A N G E L E S  

Membership 
Has Its Privileges.sM 

Don't leave home without it� 
Call J -800-THE CARD to apply. 
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S P E C I A L  A D V E R T I S I N G  S E C T I O N  

wh ich  control  foot movement w h i l e  atten uat ing shocks.  
Th i s  abu ndance of techno logy and sc ience leads i n ev ita

bly to spec ia l izat ions  wi th i n  events .  There are shoes for 
certa in  su rfaces and weather  cond i t ions .  And most compe
t i t ion shoes are des igned to be f ine-tuned by chang ing 
sp i ke or lac i ng patterns .  

T h i s  d izzy ing  array of techno logica l  cho ices that con
fronts today' s ath l etes becomes even more bewi lder ing  
when we look at t h ree of the  i s sues  occ u py ing  today' s shoe 
engi neers :  cu sh ion i ng,  t ract ion and energet ic  economy. 

Cushioning 

Cush ion ing  is prov ided i n  proport ion to race d i stance . 
Shorter spr in t  races are run  on soft po lyu rethane t racks 
wh ich  prov ide reasonable cush ion i ng.  But  shoes for the 
m idd le  d i stances and beyond m u st be good shock absorb
ers f i rst.  Much of the i r  techno logica l  content i s  u nder  the  
foot to  he lp  the  body  attenuate i m pact forces and to  pro
tect de l i cate structu res wi th i n  the foot-such as the t i ny 
sesamoid bones u nder  the  bal l .  

Marathon shoes take t h i s  t o  t h e  extre m e .  The i r  shock 
atten uat ing so les s t ress  d u rab i l i ty.  Some cush ion i ng sys
tems,  such as ethy lene v iny l  acetate foams  prov ide  exce l 
l e n t  c u s h i o n i n g  ear ly on but  com pact to the  cons i stency o f  
wood i n  the  later stages of a marathon when runners need 
al l  the  cush ion i ng they can m u ster.  The  ce l l u lar  structu re of 
molded polyu rethane so les  seem to stand up better than 
other  foams,  and i t  has become the  mater ia l  of cho ice for 
the  long r u n .  Po lyurethane's  extra we ight  can be compen
sated for by encapsu lat i ng  l ighter mater ia l s  such  as i n flated 
air cush ions  or  l i ghter foams.  

Traction 

When ru n n i ng on s l i ppery or wet su rfaces ,  or chang ing 
speed or d i rect ion , t ract ion i s  e levated to pr ior i ty stat u s .  
Fr ict ion forces over 1.0 t i mes body we ight  have been 
meas u red for a wide select ion of f lat so le des igns,  and 
sp i kes show even greater  forces due to i nter lock ing be
tween sp i kes and the  su rface . 

Metal s p i kes are des igned to m i n i m ize we ight  and are 
p laced to match the runn ing  sty le .  By ru l e ,  the s p i ke 
n u m ber is l i m ited to 11, but  p lacement  i s  opt iona l .  T itan i u m  
i s  often emp loyed t o  m i n i m ize we ight .  N u 
merous s p i ke shapes a n d  l engths  are used 
and p last ic  n u bs are molded i nto s p i ke 
p lates to en hance the  spr ing  back from the  
t rack and to add more i nter lock ing.  

I n  fact ,  the  deve lopment  of t ract ion has  
come so far that i t  can be done too we l l .  
S p i kes can b e  hard t o  p u l l out  o f  today' s 
soft synthet ic  t racks.  So ath l etes have a 
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variety of s p i ke geometr ies  and l engths  at 
_. - - �--

the i r  d i sposal  for part icu lar  cond i t ions .  But  
that' s not t ract ion ' s  on ly  twis t .  

f r ic t ion meas u rements .  For exam p l e ,  when b iomechan ica l  
stud ies  are  used to pred ict  fr i ct ion on c inder  and synthet ic 
su rfaces ,  they give h igher  fr ic t iona l  coeffi c ients for the 
c inder su rfaces and lower coeffi c ients  for synthet ic su rfaces 
than do equ iva lent  mechan ica l  measurements .  

K i nemat ic adj ustments are an i m portant th read that runs  
th rough s tud ies  of shoe b iomechan ics ,  confo u n d i ng many 
attem pts to s i m p l i fy the tec h n i ca l  aspects of spor t  shoe 
des ign . Wh i le  daunt i ng,  t h i s  factor a l so presents a great op
port u n ity for  i n novat ion not on ly  i n  cush ion ing  and t rac
t ion but in the en hancement of ru n n i n g  economy as we l l .  

Running Economy 

The eas iest way to lower energy cons u m pt ion is to 
red uce shoe we ight .  Because the  runn ing  foot undergoes 
ext reme changes in potent ia l  and k inet ic  energy, i t  costs 
more to carry extra we ight  on the foot than any other  part of 
the body.  For every 100 grams  carried on each foot , about 1 
percent more energy is consu med . L ight-we ight  mater ia l s  
and com posites as we l l  as m i n i ma l  s u p port systems  are 
be ing used to lower th i s  cost . 

To a po in t ,  softer so les a l so lower energy cost. To absorb 
the  inc reased shock of hard soles, l i m bs f lex more but  t h i s  
means  add i t iona l  energy expend i tu re.  So,  the  body does 
less work to cush ion  footst r ike wi th  softer shoes.  

Another  prom i s i ng  st rategy to lower  energy consu m pt ion 
i s  to i m p rove the  spr ing l i ke propert ies  of cu sh ion i ng mater
i a l s .  The v i scoelast ic natu re of sole mater ia l s  a l l ows on ly  
about  ha l f  of the  energy they  absorb to  be retu rned . I t  may 
be poss i b l e  to tune  the shoe's  cush ion ing  to the runner  to 
retu rn a h igher  percentage of t h i s  energy . H owever,  a 
com p lex maze of k i nemat ic  adaptat ions  and the  body's 
tendency to adjust i ts  st i ffness make i t  d i ffi cu l t  to sort out 
the  best way to tune cush ion i ng.  Another poss i b i l i ty c u r
rent ly i n  vogue i s  to use more res i l i ent  cush ion i ng  materi a l s ,  
but  we don' t  know how much  of t h i s  added energy ret u rn 
can actua l ly  be used by the  runn ing  body.  

The abu ndance of shoe des ign poss i b i l i t ies  cou p led w i th  
the  body' s tendency to adjust i n  pred ictab le  ways to shoe  
mechan ica l  character i st ics  g ive  us  a new way to man i p u late 
h u man movement  for better and safer performance.  There
i n  l ies the  most provocat ive resu l t  of sc ient i f ic  s tud ies  of 
footwear and the key to many futu re i m provements .  

A run ner 's  body movements  ad jus t  to  
var iat ions  i n  the  su rface . These  k inemat ic 
adj ustments change the  fr ict iona l  req u i re
ments  of r unn ing  shoes and fo i l  mechan ica l  

With the aid of electronic timing and the 
phOtofiiflsfi, as shown In In;sphCitograph--

"The S pace Stat ion ,"  a spec ia l  adve r t i s i n g  
sect ion  i n  t h e  J u l y  i ssue,  i n c l uded a d i sc u s s i o n  
of sc ient i fi c  uses of a s p a c e  stat ion  by T h o m a s  
M .  D o n a h u e .  The sect i o n  w a s  not meant  to 
i m p l y  s u pport  of the  NASA Space Stat i o n  by 
the Nat iona l  Acad emy of Sc iences .  

T 1 6 

supplied by Omega Watch, the outcome ,... ... _-
.. _ ofrace.s_can be accurately determined 

even when the critical difference is as 
little as 11',OOOth of a second. 
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For Bill Demby, the difference means 
getting another shot. 

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

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

But then, a group of researchers dis
covered that a remarkable Du Pont plastic 
could help make artificial limbs that were 
more resilient, more flexible, more like 
life itself 

Thanks to these efforts , Bill Demby 

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

At Du Pont, we make the things that 
make a difference. 

Better things for better living. @ PO fJl> 
REG. u. s. PAT 8. TM Of'f 
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The business computing world 
has recently undergone some fairly 
radical changes. 

Consequently, so has the entire 
concept of "safety:' 

Because, at present, only one 
computer offers all the promise for 
the future, and dellvers on it today: 
the Macintosh® IT personal computer. 

First,we met 
your standards. 

Serious business has some seri
ous standards, and Macintosh IT is 
prepared to meet every one. 

like breakneck speed. Full ex
pandability. Vast memory. A choice 
of monitors. A wide range of sophis
ticated programs for every business 
use. And the capacity to store even 
the most intimidating mountain of 
information. 

Its own power aside, Macintosh 
IT is also more than prepared to meet 
the standards of other machines. 
Whether they speak MS-DOS, UNIX® 
or assorted dialects of mainframese, 
from IBM to DEC. 

So it can work with files from 
-and run -MS-DOS programs llke 
Lotus 1-2-3 andWordPerfect. 

Connections are perfectly pain
less via the AppleThl� network sys
tem, using a wide variety of cabllng, 
including Ethernet� 

Then,we raised them. 
Of course, theres more to busi

ness than simply meeting standards. 
Which is why we've put such effort 
into exceeding them. 

Macintosh IT is an entirely new 
generation of computer, building 
on the graphical interface pioneered 
by Macintosh. It's working at full 
strength today, with an operating 
system that exploits every bit of its 
astonishing power. 

The latest part of that system, 
MultiFinde( adds multitasking cap
abilities. The result being, you can 
switch effortlessly between appllca
tions or do a number of different 
things at the same time. 

This higher standard leads to 
a new world of possibilities. 

For example, you can now use 
advanced programs for Apple® Desk
top Publlshing - the standard we 
created over two years back- right 
alongside your business programs. 
So its much easier to integrate differ-

ent efforts into a single document. 
In the Macintosh tradition, 

what you see on screen is exactly 
what you can expect on paper. And 
every program works very much the 
same way, helping to cut training 
costs drastically. 

Its a technology that can actu
ally raise the standard of how you 
get all your information. Because 
with Macintosh, all your computers 
(including mainframes) can be ac
cessed in the same intuitive way. 

But why read about itwhen you 
can be an eyewitness. See the whole 
family of Macintosh computers and 
LaserWriter® IT printers at an author
ized Apple dealer. Call 800-446-3000, 
ext. 300, for a location nearby. 

Then you'll understand why so 
many business people feel the same 
way about getting a Macintosh IT: 

Better safe than sorry. 
'-

® 

The power to be your bese 

© 1988 Apple Computer, Inc. Apple, the Apple logo, Macintmh, AppleTalk and laserWriter are registered trademarks oj and Mu/JiHruier and Hypercard are trademarks of Apple Computer, Inc. MS-DOS is a 
registered trademark of Microsojl Carp. UNIX is a registered trademark of5/'& T. IBM is a registered trademark of IBM COIp BEC is a registered trademark of Digital Equipment Carp wordPerfect is a trademark 
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SSt 
r-------++-- Multitasking. It's afae!, not apromise. Our 

MultiFinder lets you run mUltiple programs 
simultaneously. 

�---H- Compatibility. Digests data.from - and 
even runs -MS-DOS programs. Work\' with 
minis and mainframes, too . 

.;.... __ -++-_ Applications. New-generation programs 
.for every business use. Not next year. 7bday. 

--H-- Display. Choose any size or shape, includ
ing color and large-screen. 

+-----t--t- Graphicallnterjace. We pioneered the 
intuitive graphics-based operating system 
others are only now beginning to imitate . 

.;.... __ -++-_ HyperCard.N A revolutionary way to 
customize your office's information-using 
associations instead of commands . 

...-1+- Expandability. Wlth six slots, Macintosh II 
is open to just about anything 

o/WordPer/ect Cotp. Lotus and 1· 2-3 are trademarks of Lotus Development Carp. Ethernet is a registered trademark of Xerox Cotp. NuBus is a trademark of7l!:w /nslnlments. MacinJruh 1/ comes with a CPU 
(which isn't shown here) and a mouse (which is). For the sake 0/ custom configuration, monitor and keyboard are purchased separately. AI' are)QU1' desk, chair; trash can and pencil cup. 
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S P E C I A L  A D V E R T I S I N G  S E C T I O N  

THE FLIGHT 
OF THE 
JAVELIN 

by 
Mont Hubbard 

A l l  of U ; ,  " ooe t ; m e  0' ,"oth",  h,,, "tem pted to 
th row somet h i ng as far as poss i b l e .  Th i s  act exh i b i t s  one of 
our fu ndamental  re lat ionsh ips  wi th  the  earth , the struggle 
aga inst  grav i ty.  This struggle i s  d ramat ica l l y  represented by 
the fou r  O lymp ic  th rowi ng events :  shot put, hammer  th row, 
d i scus  and jave l i n .  A l l  fou r  events d i ffer i n  t h rowi ng tech 
n ique ,  i n  the  project i l e  we ight  and i n  the  i m portance o f  
aerodynamic forces on the  fl ight .  The  rat io  of the  max i m u m  
poss ib le  aerodynam ic  force d u r i ng  fl ight  t o  t h e  we ight  i s  
rough ly  6 00 t i m e s  as large i n  the  jave l i n  th row as i t  i s  i n  t h e  
shot put .  I ndeed , the jave l i n  h a s  such  a sma l l  spec if ic  grav ity 
(.64) that i t  f loats i n  water,  and i t  fl ies  so effic ient ly  that i t  can 
be th rown farther  in air than i t  cou ld  be in a perfect 
vacu u m .  

T h e  i m portance o f  aerodynamics  i n  t h e  jave l i n  t h row 
makes i t  an idea l  s u bject for theoret ical  ana lys i s .  For the  
past fou r  years , a t  the  U n ivers i ty of Ca l i forn ia  a t  Dav i s ,  we 
have been us i ng  computer ana lys i s  to s tudy the  fl ight  of the  
jave l i n  under  a grant from the  U .S .O .c .  We have used  w ind 

AERODYNAMIC 
FORCE 

DRAG 

LIFT 

ANGLE OF ATTACK 

R E lATIVE 
W I N D  

Only three (a, </>, w) of the five re
lease conditions are optimiz
able. The other two are best as 
large as possible. Lift and drag 
change the variables in flight. 

G R O U N D  PLANE 

tunne l  test s ,  aerodynamics  and phys ics  to pred ict  what 
const i tutes an idea l  t h row. 

The jave l i n  th row became an event i n  the  modern 
O lym pics  i n  1906 , and world records have i ncreased great ly 
s i nce t h e n ,  rough ly  doub l i ng  i n  80 years to 104 .8 meters in 
1984 . These advances can be att r ibuted to an i m p roved 
level of ath l ete se lect i o n ,  sk i l l  and t ra i n i ng,  as we l l  as to 
i n novat ions  in jave l i n  des ign . 

The  progress of jave l i n  world records has been h igh ly  
errat i c .  I n  the  ear ly 1950' s ,  because of the  expense o f  
rep lac ing  shattered wood jave l i n s ,  eng inee r  D ick  H e l d  bu i l t  
the fi rst a l u m i n u m  jave l i n  for h i s  brother  B u d ,  a Stanford 
jave l i n  t h rower.  Us ing  the  new jave l i n ,  Bud  He ld  broke the  
ex i s t i ng  wor ld  record by  over  20 feet.  The  new He ld  jave l i n  
was a br i l l i ant  i nnovat ion , not because it  was made of 
a l u m i n u m ,  but because He ld  had c lever ly a l tered the 
t rad i t iona l  shape,  e m p loy ing  aerodynam ics to i m prove the  
jave l i n ' s  fl i ght .  Th i s  led to  a cyc le  of ru les  changes wh ich  
attem pted to s u ppress new aerodynamic  des igns ,  and new 
des igns which attem pted to exploit  the  ru le s .  

By 1986 , ath l etes and eq u i p ment  had  i m proved to such  
an extent that jave l i n s  were be ing th rown out  of the  stad i u m  
a n d  i nto t h e  stands endanger i ng t h e  spectators .  T h i s  l e d  t o  a 
ru le  change effect ive ly ban n i ng aerodynam ic  jave l i n s  wh ich  
"sa i l ed ." S i nce 1986 , the  world record has  d ropped about 
20 meters . 

It is the  shape of the  jave l i n  wh ich  dete rm i nes the  a i r  flow 
patterns around  the su rface d u ri ng  fl i ght ,  and t h u s  the  
res u l t i ng  aerodynam ic  forces and torq ues .  A i r  f low i ng pas t  a 
jave l i n  i n d uces pressu re and shear  stress over i ts  ent i re 
su rface ,  the  net resu l t  of wh ich  is the  aerodynamic  force.  
Th i s  force i s  common ly  reso lved i nto components  ca l l ed l i ft 
and d rag wh ich  are perpend icu la r  and para l l e l  to the  
relat ive w ind  d i rect ion . The i r  effect ive locat ion  i s  the  center 
of pressu re .  

The magn i tudes o f  t h e  forces a r e  proport iona l  t o  t h e  
prod uct o f  fou r  factors:  a i r  dens i ty,  the  square of the  re lat ive 
w ind speed , the  projected area of the  jave l i n  and the  l i ft 
and d rag coeffic ients ,  C I  and C d. I n  turn , these coeffic ients  
and the  locat ion of the  center  of pressu re d e pend heav i l y  
on the  ang le  of attack ,  the  ang le  between the  jave l i n  and  
the  re lat ive w ind  d i rect ion . Most of u s  have exper ienced 
th i s  phenomeno n .  If we hold our hand out of a mov ing car 

Mont Hubba rd, Ph D., Professor of  Mechanical Engineering, University of  Ca lifornia at  Davis is a resea rcher in the computer 
modeling and optimiza tion o f  sports including the ski  jump, pole va u lt, h igh jump, bobsled and javelin throw. 
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S P E C I A L  A D V E R T I S I N G  S E C T I O N  

wi ndow, sma l l  changes i n  the angle of attack d ramatica l l y  
c hange the l i ft and d rag. 

Because the center of pressu re i s  not , in genera l ,  at the 
center  of grav ity of the body,  the aerodynamic  force exerts 
a torq ue  about the center of grav ity and causes angular ac
ce lerat ion .  Th i s  angu lar  acce lerat ion resu l t s  in a chang ing 
pitch att i tude d u ring  fl ight; the nose grad ua l l y  r i ses and then 
fa l l s .  Th i s  chang ing  att i tude and the chang ing re lat ive w ind  
d i rect ion as the jave l i n  approaches  and recedes from its ze
n ith , cause  cont i nuous  changes i n  the ang le  of attack (and 
hence the l i ft , d rag and p itch i ng  torq ue )  d u ri ng  the fl ight .  

Once re leased from the th rower' s hands,  the t rajectory i s  
complete ly determi ned by  the state of the jave l i n  a t  rel ease 
(its posit ion , or ientat ion , veloc ity and rotatio n ) ,  together  
with the forces wh ich  act  d u ring  fl ight .  The forces i n  fl ight 
are themse lves funct ions of these states d u ri ng fl ight.  We 
have been ab le  to ca lcu late the ent i re t rajectory of a jave l i n  
b y  so lv ing t h e  equat ions of motion  n u mer ica l l y  i n  a com
puter us ing  on ly  the re lease cond i t ions  and force profi l e s  
from wind tunne l  stud ies .  

By assu m i ng that  the t rajectory l i es i n  a vert ical  p lane,  the 
i m portant l aunch  condi t ions  are  red uced to f ive :  the he ight  
of the center  of grav ity above the gro u n d ,  the magnitude of  
the velocity and its ang le f rom hor izonta l ,  the ang le the 
jave l i n  makes with hor izontal and the  p i tch i ng  rate of the 
jave l i n  (nos i ng  u p  or  down) .  The fi rst two have no opt ima l  
va lues  because th rowing  faster and re leas ing  h igher  a lways 
i nc rease the range , a l l  other factors be ing the same. Wor ld 
c lass jave l i n  th rowers can launch a . 8  k i logram jave l i n  at 30 
meters per second (6 7 m .p.h .) w i th  a mean acce le rat ion of  
over  40 g's. 

The other  th ree release condi t ions  may be opt i m ized to 
max i m ize the range. We have ca lcu lated the opti ma l  re
l ease condit ions n u mer ica l l y  on a com puter by systemati
cal ly searc h i ng i n  the space of rel ease condi t ions .  Contrary 
to the 45 degree angle wh ich  wou ld  give a maxi m u m  range 

o 1 0  20 30 40 50 60 70 
RANGE IN METERS 

80TH THROWN WITH Vo = 29 m/, .  
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in a vac u u m ,  the opt ima l  re lease ang le  at w h i c h  a jave l i n  
s h o u l d  be th rown i s  about 30 degrees for both t h e  o ld  style 
aerodynamic  jave l i n  and the  new mod e l .  For the  o ld  jave l i n ,  
w e  fou n d  t h e  i n it ia l  ang le of attack shou ld  be about 5 . 9  
degrees , w h i l e  t h e  p itch rotation  s h o u l d  be about 9 .2  
degrees per  second nose downward . A 1 983 wor ld  record 
jave l i n  th row by Tom Petranoff was ana lyzed on  video fi l m ,  
and t h e  l aunch  condi t ions  o f  th i s  th row a lmost exact ly 
matched ca lcu lated val ues .  

For the new sty le  jave l i n ,  the ca lcu lated re lease cond i 
t i o n s  a r e  q u ite d i fferent. The  i d e a l  p i tch rotat ion i s  nose 
u pward at th ree degrees per  second w h i l e  the  ang le of 
attack i s  a negative two degrees. I f  an  error of a few degrees 
per second were made in the p itch rotat ion  of the  o ld  sty l e  
jave l i n  i t  wou l d  fal l  20 meters short ,  even when launched at 
the same wor ld c lass velocity of 30 meters per second.  The 
new jave l i n  i s  much  less  sens i t ive.  Thus ,  the  " l ucky th row" 
is no longer  such  a factor in e l ite com petit ion .  

The  theoret ical  opt imal  re lease cond i t ions  can be used as  
an  a i m i ng po int  by the th rowers , but  are of l it t le  va l u e  i f  
ath letes have no i n formation about the i r  actual  re l ease 
cond i t ions .  For th is reason ,  we have developed a system 
capab le  of provi d i ng rap id feed back i n  the jave l i n  th row. 

A h igh-speed v ideo camera (200 frames per second) fi l m s  
about 1 0  poi nts on  the jave l i n  d u ri ng the fi rst . 2  second 
after re lease. A powerfu l ,  fast computer automatica l l y  d ig i
t izes the 40 v ideo frames to ca lcu l ate preci se ly  the  two
d i mens iona l  coord i nates in the p lane of  mot ion for a l l  1 0  
poi nts as funct ions of t ime.  From the coord i nates it i s  
poss i b l e  to  est i mate the se t  of re lease cond i t ions .  

The  speed of the computer  a l lows the th rower to v iew 
the data with i n  rough ly th ree m i nutes after  the  th row, soon 
enough for the i n formation to be used to modi fy and 
i m prove the next th row. We a re j u st begi n n i ng long term 
stud ies  with i nd iv idua l  jave l i n  th rowers to understand bet
ter how the system may be used to e nhance performance. 

1 00 1 1 0 

Rule restrictions instituted in 1 986 severely limit 
contribution of lift to range. For equal release veloci
ties of 29 meters per second, the old javelin (top) 
could have large angles of attack and lift late in flight, 
but the new one (bottom) always noses over and flies 
only about 90 percent as far. 

HIGH-TECH POLE VAULT POLES 

The pole vault  is  a start l i ng example  of how technolo
gy can raise ath let ic  performance. The pole vault  record 
has increased fou r  feet s i nce 1 961 , to 1 9  feet, 9 - 1 /4 
i nches.  Unt i l  the 1 950's, vau lters u sed stiff bamboo 
poles and landed in sawdust pits. Then in 1 960, Herb 
Jencks of the U.S .  i ntroduced the flex ib le  fi berglass pole 
and vault ing records headed for the s ky. 

Jencks, a man ufacturer of fi berglass fish ing  poles, b u i lt 
a new deep sea tuna pole about 1 0  feet long, and over 
one i nch in d iameter. As a lark, his son, a 1 00-pound 
j u n ior- h igh-schoo l pole vau l ter, took one of the tuna 
poles, f i t  wood p lugs i n  the end and tr ied vau l t ing with i t .  
Surpr i s i ng ly, he topped h i s  best height by severa l inches.  

A f iberglass pole bends several feet i n  the midd le, 
stor i ng energy so ath letes can h i t  the vau l t  box much 

faster without  excess shock. The pole spr ings back at the 
top of the swing, catapul t ing the vau lter over  the bar. 
Jencks soon began b u i ld i ng poles for local h igh-school 
vau lters and later for a l l  comers. 

Today's poles are com puter designed to bend in one 
d i rection, and are matched to the weight, take-off speed 
and hold techn ique of each vaulter.  Any pole i s  l egal as 
long as it  has been commerc ia l ly  avai lable to a l l  compet i
tors for  at least s ix  months.  The present wor ld record 
holder, Sergei Bubka of the Soviet Un ion,  uses an  
American po le  made by Sp i r it UCS.  

I n  add i t ion  to the po le ,  modern foam pits  cush ion fal l s, 
and synthetic surfaces add spr ing and tract ion to the 
ru n u p  and takeoff. Th is  h igh-tech combi nat ion has 
spawned the rap id  jump i n  vau l t ing heights. -C. K.  
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S P E C I A L  A D V E R T I S I N G  S E C T I O N  

INNOVATIONS 
IN C Y CLI NG 
TECHNOLOG Y 

by 
Chester R. Kyle 

1 0  Olympic  b icyde ,,,i og, cyd i'" ","ggle to ov",come 
the re lent less force of aerodynam ic  d rag. At rac ing  speeds 
of over 30 m . p . h . ,  wind res i stance i s  more than 90 percent 
of the tota l retard ing force aga inst a b icycle and rider. The 
remai n i ng 1 0  percent i s  the ro l l i ng fr iction of b icyc le  
beari ngs and t i res .  

Cycle  racers can lower wind res i stance i n  several ways.  
They use an uncomfortab le  crouched racing  pos it ion so 
that the body i s  more stream l ined and has less frontal area. 
They wear smooth form-fitt i ng  costumes and tear-d rop 
shaped he lmets .  They a lso s l i pstream beh ind  other r iders .  
By d raft i ng, the req u i red power output d rops by more than 
30 percent, so r iders t rave l i n  a pace l i ne or  pack to 
conserve energy. They frequent ly switch the lead, going  
i nto oxygen debt wh i l e  i n  front, and recover ing wh i l e  
d raft i ng. 

In the Olympic  cyc l i ng  t ime tr ia ls ,  where the pace is 
steady and predictable, equ i pment can make a h uge d i ffer
ence in performance. Here, s i ng le racers or  teams of fou r  

com pete aga i nst t h e  c lock a t  1 ,000 meters, 4,000 meters 
and 1 00 k i lometers. In the past few years, t ime tr ia l  b icycles 
have undergone a revol ut ion i n  techno logy. 

So ca l led "fun ny b i kes," i nt rod uced in 1 984, were a 
rad ical  departure from trad i t ion .  They have feather- l ight 
Kev lar d isk wheels  that cut the wind res i stance of a normal  
wheel  i n  ha l f, as wel l  as u ptu rned "bu l l - horn" hand lebars 
that put the r ider in a s leek aerodynamic pos i t ion and a i rfo i l  
shaped tu bes that stream l i ne the a i r  flow over the frame.  

The b i kes are  des igned with the same attent ion to deta i l  
as a je t  a i rcraft. Us i ng h idden cables,  wing shaped hand le
bars, d i sk  sprockets, t i ny front wheels  ( that  a l low team 
members to d raft c loser), narrow 200 p . s . i .  Kev lar t i res 
we igh ing  less than 1 /4 pound each ,  strap less pedals that 
attach d i rect ly to the shoes and specia l  aerodynam ic com
ponents ,  the b i kes can cut m i n utes from the t ime i n  1 00 
k i lometers. S i nce 1 984, cyc l i sts have broken a l most every 
t ime tr ia l  record in the world us ing  the new b i kes .  

Designed by sc ient ists  i n  the U.S .  and Ita ly, who per
formed extens ive wind tunne l  tests,  the fu nny b i kes have a 
d ramatica l l y  lower wind res i stance. I n  the 1 984 Olympics  
the I ta l ians and Americans topped the wor ld  i n  technology. 
S i nce then the other cyc l i ng countr ies have caught u p, and 
dozens of manufactu rers worldwide are now prod uc ing 
s i m i lar  aerodynam i c  b icycles and components .  

Now, i n  1 988, the I ta l ians and Amer icans have once aga in  
i nt rod uced s ign i ficant improvements i n  t ime t r i a l  b icyc les .  
The U.S .  team b ikes, bu i l t  by M i ke Melton, D i rector of the 
Techn ica l  Center  of H u ffy I nc . ,  we igh less than 1 6  pounds .  
The frames are made of advanced aerodynamic  com posite 
graph ite tu bes and weigh only 3.3 pounds .  This a i rfo i l  
shaped tub i ng, manufactu red b y  True Tem per, i s  st iffer and 
much l ighter than stee l .  

I ta l ian profess ional  b i ke racer, Francesco Moser, recent ly 
pedaled more than 31 m i les i n  one hour to break the world 
i ndoor record using a remarkab le custom b icycle with an 
enormous 42- inch rear disk wheel  and a t i ny 24- inch  front 
whee l .  The huge rear wheel has a much  lower ro l l i ng 
fr ict ion than a normal 2 7- i nch  wheel  and the sma l l  front 
wheel cuts wind resi stance and weight su bstant ia l ly .  I n  
combinat ion with t h e  American com posite b icycle,  Moser's 
strange mach ine  may tr igger a new round of exc i t ing 
changes i n  cyc l i ng techno logy. 

Chester R.  Kyle, PhD., is a sports equipment consultant.  Designer of 1 984 Olympic bicycles and clothing for the u.s. cycling tea m .  
Member u.s .  Olympic Sports Equipment and Technology Committee. Founder, International  H u m a n  Powered Vehicle Association.  
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GO FLY AN 
O-DAKO 
The fighting kites of 
Asia fly In the same 
kind of environment you 
deal with every business 
day. A competitive one. 

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

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

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

So call your travel 
agent, or Northwest 
at 1-800-447�747. 
When It comes to com
petition, we can make 
you a true champion. 

• 
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The Insulin Factory 
The pancreatic beta cell is a factory for the production 

of insulin. New investigative techniques give an unprecedented 
view of the hormone's manufacture and pathway to the blood 

by Lelio Orci, Jean-Dominique Vassalli and Alain Perrelet 

E very cell in the human body is a 
chemical plant. Among the many 
products manufactured for ex

port are hormones: messenger pro
teins that carry instructions from 
their site of production by way of the 
bloodstream to other cells throughout 
the body, where they regulate a variety 
of functions. One hormone is insulin, 
whose primary role is to control the 
transport of glucose, the body's main 
energy source, from the bloodstream 
into the cells where it is burned. An 
insulin defiCiency impairs the body's 
ability to get glucose into the cells. As 
a result glucose accumulates in the 
blood, leading to the condition known 
as diabetes-more specifically type I, 
or insulin-dependent, diabetes. Un
controlled, diabetes can have devas
tating consequences for the eyes, kid
neys and blood vessels, and it severely 
reduces life expectancy. 

In the light of insulin's importance, 
it is of considerable interest to un
derstand how this hormone is manu
factured and exported to the blood
stream. For some 20 years our labora
tory at the University of Geneva has 
been largely occupied with the study 
of the insulin factory. The investi-

LELIO ORC!, JEAN-DOMINIQUE V ASSAi
L! and AlAIN PERRELET are professors 
of histology and embryology at the Uni
versity of Geneva Medical School. Orci 
earned his M.D. at the University of 
Rome in 1964 and in 1966 went to the 
University of Geneva, where he is cur
rently chairman of the department of 
morphology. Vassalli is a native of Gene
va, where he completed his medical edu
cation in 1972. He then spent nine years 
at Rockefeller University, receiving a 
Ph.D. in biochemistry before returning 
to Geneva to take his present position. 
His hobbies include sailing and skiing. 
Perrelet also hails from Geneva, where 
he studied medicine and earned an M.D. 
in 1969. After a postdoctoral stint at 
Rockefeller, he returned to Geneva to 
his current position. He also maintains 
an interest in ornithology and botany. 

gation bears on more than the man
ufacture, processing and secretion 
of insulin. Because insulin is a pro
tein, a description of insulin produc
tion can serve as a model of the secre
tory pathway followed by many pro
teins in a variety of cells throughout 
the body. 

Where does the body manufacture 
insulin? A partial answer to the ques
tion was found a century ago. In 1889 
two German physiologists, joseph von 
Mering and Oscar Minkowski, showed 
in a classic series of experiments that 
the removal of the pancreas-an ab
dominal gland that releases digestive 
enzymes into_the gut-leads to diabe
tes. Further experiments carried out 
in the first quarter of this century in
dicated, however, that damage to the 
pancreas did not always lead to diabe
tes: as long as minute islands of dis
tinctive cells, which did not contain 
digestive enzymes, were left intact, 
the disease was prevented. These is
lands had been discovered in 1869 by 
a German medical student named Paul 
Langerhans, and so they were known 
as the islets of Langerhans. 

The mysterious factor preventing 
diabetes, which apparently arose in 
the islets, was named insulin from the 
Latin insulae, or islands. Only in 1921 
was insulin actually isolated by Fred
erick G. Banting and Charles H. Best 
and their colleagues james J. R Mac
leod and james B. Collip at the Univer
sity of Toronto; the year 1922 saw the 
first use of pure insulin to treat a 
young diabetic. 

By the early part of this century, 
then, production of insulin was local
ized to the islets of Langerhans. Al
though approximately a million islets 
are scattered throughout the pancre
as, they make up only about 1 per
cent of the total pancreatic weight. In 
spite of this small presence, the islets 
have an important role in the control 
of metabolism: in addition to insulin 
they produce three other hormones
glucagon (a protein that counteracts 

insulin and raises blood sugar), pan
creatic polypeptide (which regulates 
the release of pancreatic digestive en
zymes) and somatostatin (a protein 
that inhibits the release of all islet 
hormones). 

Each islet of Langerhans contains 
some 3,000 hormone-producing cells. 
By exposing islet sections to antibod
ies that speCifically recognize the vari
ous islet hormones and by labeling 
each antibody with a fluorescent mol
ecule, it has been shown that each 
hormone is manufactured in a dif
ferent type of islet cell. The insulin
producing cells, known as beta cells, 
make up more than 70 percent of the 
islet-cell population and secrete in
sulin directly into the bloodstream. 
This mode of secretion is referred to 
as endocrine. Secretion by a duct (as 
the pancreas secretes its digestive en
zymes into the gut) is referred to 
as exocrine. 

Protein Synthesis 

Synthesis of any protein begins in 
the cell nucleus with the activation of 
the stretch of DNA-the gene-that 
specifies the protein's composition. 
The gene is copied into a strand of 
another nucleic acid, RNA The RNA in 
turn is processed into a form called 
messenger RNA, which is sent out into 
the cytoplasm of the cell. There it acts 
as the blueprint for the manufacture 
of proteins: it instructs small, dense 
bodies called ribosomes to assemble 
amino acids in a precisely defined se
quence to build up the prescribed pro
tein chain. 

The protein secreted by the beta 
cells, insulin, consists of two separate 
amino acid chains, the A and B chains, 
linked by disulfide bridges. Precisely 
how this protein is assembled was 
unraveled in the 1960's through the 
pioneering work of Donald F. Steiner 
and his collaborators at the University 
of Chicago. They immersed the beta 
cells in amino acids that had been 
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PANCREAS is an abdominal gland tucked under the stomach. Much of it is dedicated 
to the production of digestive enzymes, which it secretes into the intestine by way 
of a duct; the process is known as exocrine secretion. Dispersed throughout the 
pancreas are the islets of Langerhans (inset), which contain the insulin· producing 
beta cells. Insulin is secreted not into a duct but into blood capillaries and thus into 
the general circulation; the process is known as endocrine secretion. The capillary 
blood is collected by the portal vein (blue) to be distributed throughout the body. 

labeled with a radioactive isotope. The 
cells incorporate the amino acids into 
proteins, which can be traced by their 
radioactive tagging. It was then pos
sible to separate, analyze and iden
tify the tagged proteins by subject
ing them to a chemical process called 
chromatography. It became obvious 
that insulin was actually synthesized 
as part of a larger protein-a precur
sor that Steiner and his co-workers 
termed proinsulin. From Steiner's in
vestigation and the work of many oth
ers who have studied the manufacture 
of proteins destined for secretion, the 
following general picture emerged. 

The ribosomes actually do not syn
thesize insulin or even proinsulin but 

a larger precursor molecule called pre
proinsulin: pro insulin with a short ad
ditional amino acid sequence. The ri
bosomes that assemble preproinsulin 
are attached to the exterior of an elab
orate network of flattened sacs lying 
outside the cell nucleus. The sacs, or 
cisternae, feed into one another, so 
that the network is actually one con
tinuous, convoluted pouch: the endo
plasmic reticulum. Because the ribo
somes give the endoplasmic reticulum 
a bumpy appearance, the network is 
often termed the rough endoplasmic 
reticulum, or RER. 

The pre- sequence of preproinsulin 
directs the protein from the ribosome 
across the RER membrane. As soon 
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as the preproinsulin reaches the lu
men, or interior, of the RER, the pre
sequence is detached by· cleaving 
enzymes manufactured by the ribo
somes for this purpose. The enzyinat
ic cleavage of pre pro insulin leaves 
within the RER proinsulin, a molecule 
that encompasses the amino acid 
chains of insulin and a connecting 
peptide, or C peptide, that links the 
end of one chain to the beginning of 
the other. Eventually, as we shall ex
plain below, the C peptide will be 
cleaved away to yield insulin [see illus
tration on page 89]. 

Autoradiography 

To determine the exact location of 
the proteins within the beta cell after 
they are synthesized on the RER, ra
dioactive tagging must be combined 
with the technique of high-resolution 
autoradiography, pioneered in the 
1960's by George E. Palade and Lucien 
G. Caro, then at the Rockefeller Insti
tute for Medical Research. As before, 
tissues are immersed in radioactively 
tagged amino acids. At various times 
thereafter cells are sliced into thin 
sections. Each section is covered with 
a sensitive photographic emulsion so 
that the position of the radioactive 
isotopes can be superposed on the 
structural details of the cell as re
vealed by the electron microscope. At 
each stage, once again, the actual com
position of the protein is determined 
by chemical analysis. 

We have applied this technique ex
tensively to trace the insulin-synthe
sis pathway. Autoradiography reveals 
that immediately after five minutes of 
labeling most of the tagged molecules 
are in the RER. Chemical analysis of 
these molecules by chromatography 
shows that at this time they are pre
dominantly proinsulin, which again in
dicates that pre pro insulin is cleaved 
into proinsulin almost as fast as it is 
formed. 

Fifteen minutes later autoradiogra
phy shows that the majority of the 
tagged molecules are found in another 
region of the beta cell, the Golgi com
plex. We shall describe the function of 
the Golgi apparatus in detail below. 
For now, we point out only that the 
Golgi, like the RER, is composed of 
cisternae but that these cisternae are 
not adorned by ribosomes or exten
Sively connected to one another; in
stead they are arrayed somewhat like 
a stack of pancakes. 

Continuing to trace the radioactive 
isotopes, one discovers that about an 
hour after tagging they have moved 
past the Golgi complex and are found 
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INSULIN FACTORY is in the pancreas, where the specialized 
beta cells are clustered in small regions called the islets of 
Langerhans. The two photomicrographs are of adjacent tissue 
sections from a single islet. Each slice, enlarged here 1,100 
times, contains numerous sectioned beta cells; their nuclei are 
the dark red circular patches. One slice (top) was exposed to a 
monoclonal antibody that binds to pro insulin, a precursor of 
insulin. The antibody was tagged with a fluorescent yellow dye. 

The glow reveals that the proinsulin is concentrated around 
the beta-cell nucleus, suggesting that it resides in the Golgi 
apparatus: an organelle that sorts proteins and routes them to 
different destinations in the cell. The other slice (bottom) was 
exposed to a fluorescent antibody directed against insulin. 
Insulin is seen to be much more widely distributed, indicat
ing that it is primarily associated with the secretory granules 
that carry the hormone from the Golgi to the cell membrane. 
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pinching off from a dilated cisterna. 
The second type of granules are far 

more abundant, and these granules 
are found scattered throughout the 
cytoplasm of the beta cell. Their pro
tein filling is denser than that of the 
coated granules and is separated from 
the granule membrane by a clear halo. 
Unlike the first granule type, these 
have no clathrin coat, whence their 
name: noncoated granules. The fact 
that the coated granules are in close 
proximity to the Golgi cisternae and 
are occasionally seen to bud off from 
them, whereas most noncoated gran
ules are situated farther from the Gol
gi stacks, suggests that the coated 
granules are precursors of the non
coated ones. 

This suspicion has been confirmed 
by a number of experiments. Autora
diography shows that the radioactive 
proteins peak in the coated granules 
approximately 30 minutes before they 
peak in the noncoated ones. Further
more, chemical analySiS has shown 
that at the time the radioactive pro
teins peak in the coated granules, 
about half of the proinsulin has been 
converted into insulin. In other words, 
it appears that the conversion of pro
insulin into insulin is linked to the 
coated granules. 

BETA CELL loaded with insulin is enlarged 6,500 diameters in this electron micro
graph_ The numerous circular vesicles containing dark blobs are the uncoated 
secretory granules in which insulin is stored, ready to be released from the cell if 
the level of glucose in the bloodstream increases_ The parts of the beta cell that 
are not involved in insulin manufacture are not easily seen in this micrograph_ 

Recently, in a series of crucial exper
iments carried out with Ole Madsen of 
the Hagedorn Research Laboratory at 
Gentofte in Denmark and Max Storch 
of the University Medical Clinic in Frei
burg, West Germany, we have been 
able to demonstrate directly that the 
coated granules are the site of pro
insulin-into-insulin conversion. Our 
experiments combine the high magni
fication of electron microscopy with 
precise labeling. An antibody directed 
against proinsulin is linked to very 
fine gold particles, which are electron
opaque and so stand out sharply in 
electron micrographs !see illustration 
on page 92). When beta cells are sec
tioned and the slices are exposed to 

in another component of the beta cell: 
small, round vesicles that are dis
persed between the Golgi complex 
and the cell membrane. Analysis of the 
contents of these secretory granules, 
as they are called, shows that by now 
the mature insulin has been generat
ed; the connecting peptide has been 
cleaved from the proinsulin, leaving 
the two-chained insulin molecule. 

The Golgi Region 

Where exactly has the transforma
tion from proinsulin to insulin tak
en place? Good candidates are the 
Golgi complex and the secretory ves
icles, and so it is prudent to back 
up and take a closer look. When this 
region is examined in suitably en
larged electron micrographs, two dis
tinct types of secretory granules are 
seen in more or less close proximity 
to the Golgi stack. The first type are 
termed coated secretory granules be
cause of the striking coat of bristles 
covering their outer membrane. The 
bristles themselves are made of a 

protein called clathrin, which is of
ten associated with membrane move
ment (and in particular with the pinch
ing off of membrane segments, which 
we shall describe below). Coated se
cretory granules contain a moderate
ly dense protein filling, which is ob
served to be uniform over the en
tire granule. They are seen in close 
proximity to the Golgi apparatus 
and sometimes may actually be seen 

ASSEMBLY UNE for the production of insulin begins in the beta-cell nucleus, where 
the gene encoding the precursor molecule preproinsulin is transcribed into RNA. 
Messenger RNA is exported into the cytoplasm; here it instructs ribosomes docked at 
the rough endoplasmic reticulum (RER) to assemble amino acids to form preproinsu
lin. The pre- sequence (yellow ) is probably cleaved off as preproinsulin passes into 
the RER, leaving proinsulin, which is composed of the amino acid sequences that will 

form insulin (blue) linked by a connecting peptide, or C peptide (red). Proinsulin, 
probably bound to receptors (brown), and cleaving enzymes (purple) are transferred 
in small vesicles to the cis, or near, side of the Golgi apparatus. They move to the end 
of the first cisterna, or Golgi sac; the end buds off to form a vesicle that moves to the 
next cisterna and fuses with it. These vesicles bear a distinctive membrane coat 
(green). When the trans, or far, side of the Golgi is reached, a vesicle coated with the 
protein clathrin (blue bristles) pinches off to become a coated secretory granule. In 
the coated granule, cleaving enzymes start to remove the C peptide from the proin
sulin molecule to yield insulin. This process is accompanied by acidification of the 
granule's content and shedding of the clathrin coat; the result is the formation of 
noncoated granules, which contain mostly insulin to be released at the cell membrane. 
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the gold-labeled antibodies, two com
partments of the cell are found to 
be rich in proinsulin: the Golgi stack 
and the coated granules. Noncoated 
granules are found to be extremely 
low in pro insulin. 

The argument has recently been 
made airtight by a second experiment, 

very similar to the previous one except 
that the antibody is specific for insulin 
rather than proinsulin. This experi
ment reveals that insulin is absent 
from the Golgi stack, is detectable in 
small amounts in the coated granules 
and is most abundant in the noncoat
ed granules. The coated granules must 

ISLET OF LANGERHANS appears as an irregular ovoid body in a scanning electron 
micrograph (top), enlarged 960 diameters. About a million islets are scattered 
throughout the pancreas. Cells in the islets produce several hormones, including 
glucagon and insulin. In the photomicrograph (bottom, 525 diameters) fluorescent 

antibodies (green) directed against insulin show that insulin-containing beta cells 
characteristically occupy the center of the islet. Antibodies (red) directed against 
glucagon show that the glucagon-producing cells are at the islet's periphery. Cells 
producing pancreatic polypeptide and somatostatin are also at the periphery. 

90 SCIENTIFlC AMERICAN September 1988 

then be the primary site for the con
version of pro insulin into insulin; by 
the time they become noncoated gran
ules the conversion process is essen
tially complete. 

Although the Golgi cisternae them
selves contain no insulin, passage 
through the stack must be a critical 
stage in the entire process, because 
the Golgi apparatus funnels proinsu
lin into the coated secretory granules, 
where the actual conversion into insu
lin takes place. The role of the Golgi 
apparatus becomes clearer when one 
considers how proteins are transport
ed across this organelle. 

There is a steady flux of small vesi
cles that bud off from the endoplas
mic reticulum and carry a wide variety 
of newly synthesized proteins toward 
the Golgi stacks. On reaching a stack, 
the vesicles fuse with the cisternal 
membrane nearest the RER. (This side 
of the Golgi stack is known as the cis 
pole, from the Latin for "on the same 
side as.") On the far side of the stack 
(called the trans pole, from the Latin 
for "across"), the Golgi cisternae dis
play bulbous or dilated extremities, 
which bear clathrin bristles and in 
which a dense protein content is often 
visible; these are the outpocketings 
that pinch off to become the 'coated 
secretory granules. 

The mechanism by which proinsu
lin, as well as other proteins manufac
tured in the RER, travels within the 
Golgi stack from the cis to the trans 
pole is currently the subject of inten
sive research. Recently, in collabora
tion with James E. Rothman of Prince
ton University, we have observed that 
the transfer of protein from one Golgi 
cisterna to the next is carried out by 
"microvesicles," which are similar to 
the vesicles that carry proteins from 
the RER to the cis pole of the Golgi 
stack. The current model of the intra
Golgi transport is that the microvesi
cles pinch off from the end of one 
cisterna, travel to the next and fuse 
with it; that process is repeated un
til the trans pole is reached. Like the 
coated secretory granules, the micro
vesicles also have a coated membrane, 
but the coat is not clathrin; neither its 
function nor its composition is at 
present understood. 

Postal Sorting 

As we have mentioned, the Golgi 
body receives a wide variety of pro
teins from the RER, each of which 
must then be routed to a precise desti
nation within the cell. To get an idea of 
the complexity of this process, one 
should bear in mind that in addition to 
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ELECTRON MICROGRAPHS show the successive regions of the 
insulin factory magnified 81,400 times. The RER, visible in the 
panel at the left, consists of the endoplasmic reticulum (elon· 
gated sacs) adorned by ribosomes (small dense bodies). Trans· 
fer of proinsulin to the Golgi stacks is accomplished by small 

AUTORADIOGRAPHY locates radioactively labeled proteins in 
electron micrographs. Beta cells are supplied with a radioac
tively labeled amino acid, which they incorporate into pre pro
insulin. A photographic emulsion consisting of silver bromide 
crystals in gelatin is then placed over thin tissue sections to 
record the positions of the labeled molecules at a given time. 
Photographic development of the emulsion yields the black, 
spagheuilike grains at the site where the emulsion has been 

vesicles that bud from the RER and then merge with the Golgi 
cisternae (middle panel, top). In the panel at the right a coated 
granule (dense body at bottom) has budded off from a dilated 
trans cisterna of the Golgi apparatus. Inset in the right-haud 
panel shows a coated and a noncoated granule in more detail. 

exposed to radioactivity. Immediately after the cells have been 
exposed for five minutes to the labeled amino acids, most of 
the newly synthesized radioactive proteins are found in the 
RER (left). Ten minutes later most are found in the Golgi region 
(middle); one hour after labeling most of the labeled amino 
acids are in the secretory granules (right). Chemical analysis 
shows that the processing of proinsulin to insulin takes place 
between the Golgi apparatus and secretory-granule stations. 
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insulin, whose eventual destination is 
the bloodstream, other proteins are 
sent to the beta-cell membrane and 
still others are routed to various or
ganelles within the beta cell. What is 
more, some of the proteins destined 
for the cell membrane seem to reach 
their target continuously, without the 
need for any specific stimulus. (Such 
proteins are referred to as "nonreg
ulated" or "constitutive.") Other pro
teins, such as insulin, are referred to 
as "regulated" because they are secret
ed only when an adequate stimulus-

for instance glucose-reaches the beta 
cell. The Golgi is responsible for keep
ing track of both types of proteins. 

For this addressing system to work 
properly, it is believed the Golgi appa
ratus is equipped with receptors that 
are specific for regulated proteins. Al
though they have not been directly 
observed, we have hypothesized that 
such receptors bind pro insulin to the 
inner side of the Golgi membrane and 
transport the hormone to the trans 
cisterna. Once the proinsulin has been 
collected there, the dilated end of the 

EXACT SITE at which the hormone proinsulin is converted into insulin was identified 
in these electron micrographs by labeling two consecutive thin sections of the same 
beta cell with gold-labeled antibodies (small black dots), which are in turn directed 
against proinsulin (top) and against insulin (bottom). Proinsulin is found only in the 
Golgi complex and coated secretory granules; insulin is most abundant in the 
noncoated granules and appears in small quantities in coated granules. One con
cludes that proinsulin-to-insulin conversion starts in the coated granules and pro
ceeds as they become noncoated granules. The magnification is 39,400 diameters. 
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cisterna pinches off to become a coat
ed secretory granule. This hypothesis 
is based on the fact that electron mi
croscopy shows proinsulin to be local
ized along the inner side of the Golgi 
cisternae; in the secretory granule, 
however, the proinsulin is distributed 
uniformly through the granule, which 
may indicate that the proinsulin has 
detached itself from the putative re
ceptors and thus from the granule 
membrane. 

Hsiao-Ping H. Moore, Michael D. 
Walker and Regis B. Kelly of the Univer
sity of California at San Francisco and 
Frank Lee have recently cast a very 
interesting light on the problem of 
Golgi sorting. They cultured endocrine 
cells from the pituitary gland. Into 
these cells, which normally secrete the 
hormone adrenocorticotropin (ACTH), 
they introduced the DNA sequence 
that encodes pro insulin. The pituitary 
cells were thus "tricked" into manu
facturing pro insulin along with ACTH. 
Moore's group found that ACTH, like 
proinsulin, is secreted in a regulated 
way. In collaboration with Moore, we 
have subsequently discovered ACTH 
and insulin in the same pituitary-cell 
secretory granules. In other words, the 
Golgi body did not distinguish be
tween proinsulin and ACTH; it routed 
them to the same destination. This 
indicates that cells other than beta 
cells are also equipped with receptors 
that sort proteins to secretory gran
ules. It also strongly suggests that a 
given receptor can recognize a num
ber pf regulated proteins. 

The crucial problem remaining to
day is to identify the putative receptor 
in the Golgi stacks and find the exact 
site on the protein to which it binds. 
Collaborating with Sharon K. Powell, 
Charles Craik and Moore, we have tak
en a first step in this direction. By 
modifying the DNA that encodes pro
insulin and then injecting the altered 
DNA into the beta cell, we can make 
the cell produce "mutant" proinsulin. 
We have found that the deletion of 
the C-peptide sequence from proinsu
lin does not affect the correct sorting 
of proinsulin to the secretory gran
ules. We are currently investigating 
the deletion of other parts of the pro
insulin molecule to determine exactly 
which domain (or domains) controls 
the sorting process. 

Regulated vs. Nonregulated 

One might ask whether the non
regulated, constitutive proteins men
tioned above follow the same pathway 
as proinsulin. In collaboration with 
Moore's group we have directly ob-
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served the route followed by one pro-
. tein, hemagglutinin, which is exported 

to the cell surface constitutively. He
magglutinin is synthesized by the beta 
cell when it has been infected with an 
influenza virus or, in commoner lan
guage, given a cold. The hemagglutinin 
is then transported to the cell mem
brane, where it is incorporated into 
burgeoning new viruses that go on to 
infect other cells. 

By simultaneously localizing pro in
sulin and hemagglutinin, we were able 
to pinpoint the exact site where the 
regulated and the nonregulated secre
tory pathways diverge. Whereas the 
two proteins coexisted in most cister
nae of the same Golgi apparatus, he
magglutinin was not found in the di
lated part of the trans cisterna where 
pro insulin concentrates. Afterward 
hemagglutinin was found not in the 
coated granules but in smooth, clear 
vesicles that move to the cell mem
brane. This experiment therefore di
rectly identifies the trans Golgi cister
na of the beta cell as the site where 
proinsulin is sorted from the constitu
tive protein hemagglutinin. 

We now return to insulin manufac
ture. As discussed above, the final gen
eration of insulin from pro insulin in 
the coated granules requires the cleav
ing away of the connecting peptide. 
Consequently for every insulin mole
cule created, a molecule of C peptide 
is generated and carried along with 

. insulin in the secretory granules. It is 
also likely that the cleaving enzymes, 
which are synthesized by ribosomes 
on the RER, themselves follow the 
same route as proinsulin from the RER 
through the Golgi stacks in order to 
reach the coated secretory granules. 
If the cleaving enzymes are continu
ously present, why is the proinsu
lin cleaved into insulin only when it 
reaches the coated granules? In other 
words, why are the cleaving enzymes 
activated only at that late stage? 

In collaboration with Richard G. W. 
Anderson of the University of Texas 
Health Science Center at Dallas, we 
have recently come up with what may 
be the answer to this question. Our 
experiments revealed a gradient of in
creasing acidification from the coated 
to the noncoated granules and that 
the gradient is inversely correlated 
with the amount of proinsulin found 
in the granules. This strongly suggests 
that one important factor in activating 
the cleaving enzymes is the progres
sive acidification of the interior of the 
coated granules. Indeed, one of the 
enzymes thought to be involved in 
proinsulin cleavage is most active, at 
least in the test tube, at acidic pH. Fur-

2 
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SECRETION OF INSUliN requires that the membrane of the noncoated secretory 
granule fuse with the beta cell's outer membrane, as is shown here. The insulin 
is thus delivered across the cell membrane without ever breaking it, maintaining 
the integrity of the cell. The ·release of insulin in this way is termed exocytosis. 

EXOCYfOSIS is captured in an electron micrograph. One secretory granule, enlarged 
here 71,000 diameters, is about to fuse with the beta-cell membrane and release 
insulin into the space surrounding the cell (left). Another granule has opened out and 
insulin is being secreted (right). Each secretory granule liberates some 800,000 
insulin molecules outside the cell. The continual fusing of granules with the cell 
membrane would enlarge the beta cell's surface if material were not recycled; 
recycling takes place as patches of the cell membrane fold inward and bud off to form 
vesicles that are transported into the cell. This process is termed endocytosis. 
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ROSE WINDOWS resembling those found in a medieval cathedral are the pores in 
the thin endothelial-cell walls of blood capillaries_ To enter the bloodstream af
ter leaving the beta cell, insulin may have to pass through the wedge-shaped slits 
in these diaphragms (here enlarged 270,000 diameters in an electron micro
graph), which are composed of thin fibrillar spokes radiating from a central mesh_ 

thermore, a number of alkaline mol
ecules, such as ammonium chloride, 
which accumulate in the granules and 
thereby neutralize the contents, inhib
it the cleavage of pro insulin_ 

Up to this point we have examined 
the production of insulin from pre
pro insulin and pro insulin as these 
proteins pass through the RER, the 
Golgi stacks and the coated granules_ 
We now turn to the actual secretion of 
the freshly produced insulin-

Insulin Secretion 

Together with the C peptide and a 
small residue of uncleaved pro insulin, 
insulin is stored in the mature non
coated granules, ready to be secreted 
in response to an appropriate stimu
lus, such as an increase of the glucose 
concentration in the blood. Not all of 
the hormone manufactured by the 
beta cell will be ultimately secreted, 
however. En route to the cell mem
brane where secretion takes place, 
some of the granules will fuse with 
Iysosomes, the ubiquitous scavenger 
organelles of cells. That leads to the 
total breakdown of insulin in these 
granules. No rationale is known for 
this seemingly uneconomical process, 
in whieh a fraction of the synthesized 
insulin is destroyed in the very cell of 
its origin. Whether lysosomal degrada
tion serves to regulate the amount of 
the hormone available for secretion or 
is a method for disposing of defective 
granules remains to be seen. 

For insulin to be delivered into the 
bloodstream there still remains a for
midable task: the passage of the hor
mone across two impermeable barri
ers, the granule membrane and the 

membrane of the beta cell itself. Na
ture's solution to this problem is both 
simple and elegant. With the electron 
microscope one sees that as the secre
tory granule comes into close proximi
ty with the cell boundary, the granule 
membrane fuses with that of the beta 
cell. In this process, called exocytosis, 
the granule membrane is made part of 
the cell membrane and the content of 
the granule is released into the blood
stream. The remarkable aspect of the 
membrane fusion is that it allows in
sulin to be secreted while maintaining 
the continuity of the beta-cell mem
brane at all times. All cells that secrete 
proteins do so by means of exocytosis. 

The reader may have recognized 
that sustained fusing of the granule 
membranes to the cell membrane 
would result in continual enlargement 
of the cell surface-unless another 
process existed to counteract it. In 
fact, the very act of exocytosis acti
vates the reverse process, endocyto
sis: segments of the cell membrane 
invaginate and pinch off to form endo
cytie vesicles, which are dispatched to 
various sites in the cell for recycling or 
degradation. 

The final question that remains to 
be answered is how the insulin, after 
secretion into the extracellular space, 
gets into the bloodstream to be dis
tributed to its various target cells 
around the body. The beta cells in the 
islets of Langerhans are surrounded 
by an abundance of blood capillaries. 
To reach the bloodstream, insulin 
must cross the thin capillary walls, 
or endothelium. In endocrine glands, 
such as the pancreas, the endothe
lial cells are pierced by numerous 
Circular pores or fenestrations. Each 
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pore is covered by a thin diaphragm. 
In collaboration with Elaine Bearer 

of our group, we have used an im
proved freeze-fracture technique in 
conjunction with electron microscopy 
to observe the endothelial pores in 
great detail. This procedure makes 
possible a full frontal view of the sur
face of the cell membrane. We find 
that each pore resembles the beauti
ful rose window of a cathedral: the 
diaphragm is composed of an array 
of thin fibrils radiating from a cen
tral mesh to delineate wedge-shaped 
channels. It is appealing to envision 
this rose window as a dynamic regula
tor of hormonal traffic across the cap
illary walls. 

In conclusion, we have described the 
intracellular journey of insulin from 
the site of its synthesis, the rough 
endoplasmic reticulum, to the site of 
its release, the beta-cell membrane. 
Throughout this journey the critical 
roles played by the Golgi appara
tus and the clathrin-coated secretory 
granules in the sorting and processing 
of proinsulin have been evident. Many 
questions remain unanswered, but the 
information accumulated in recent 
years on the general layout and as
sembly line of the insulin factory has 
opened the way to a fuller under
standing of hormone secretion and its 
regulation in molecular terms. 
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A Close Look at Halley's Comet 
The armada of spacecraft that flew by the comet two years ago 

provided spectacular images and data that continue to yield 
quantitative information about the nature of the faithful visitor 

by Hans Balsiger, Hugo Fechtig and Johannes Geiss 

The month of March, 1986, will 
long be remembered for some 
of the most spectacular rendez

vous in the history of planetary sci
ence. In that month an armada of 
space probes (two of them Japanese, 
two Soviet and one European) encoun
tered Halley's comet. Their aim was 
ambitious: to analyze for the first time 
the gases and dust in the immediate 
vicinity of a comet and to photograph 
its nucleus-the tiny solid body hid
den inside the comet's head. 

Halley's comet is not only the most 
famous and historically the most im
portant of comets but also one of the 
best-suited to such encounters. In 
contrast to comets making their first 
recorded appearance, Halley's comet 
has an orbit that is sufficiently well 
known for a probe to be directed close 
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Mass., and the Harvard-Smithsonian As· 
trophysical Laboratory. Geiss, who is a 
member of the IMS team, is director of 
the Berne Physical Institute and profes
sor of physics at Berne, and he is also 
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active at the universities of Chicago and 
Miami, at the Goddard Institute for 
Space Studies in New York and at the 
Johnson Space Center in Houston. Geiss 
is a foreign associate of the U.S. National 
Academy of Sciences and a foreign hon
orary member of the American Academy 
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enough to the nucleus to obtain good 
data. Moreover, the strong emission of 
gas and dust from the comet suggests 
that it retains much of its original 
icy and dusty components. In other 
words, the comet probably consists 
of pristine material, and so it reflects 
the conditions prevailing when the so
lar system was born. Comets having 
shorter mean periods than that of Hal
ley's comet-which is just under 77 
years-are more frequently subjected 
to erosion by solar radiation as they 
pass near the sun. They are therefore 
less likely to offer such a window on 
ancient times. 

The undertaking was a complete 
success. While the Japanese probes 
Sakigake and Suisei made measure
ments in the region of the "shock 
front" ahead of the nucleus, the Soviet 
probes Vega-1 and Vega-2 penetrated 
to within 9,000 kilometers of the nu
cleus and the European probe Ciotto 
actually approached to within 600 kil
ometers. The great effort and finan
cial investment of these projects paid 
off: the investigators, from all over 
the world, made on-the-spot measure
ments of the physical and chemical 
processes that account for the spec
tacular phenomena accompanying a 
comet on its journey through the in
ner region of the solar system. Over 
the past two years the scientific com
munity has digested and analyzed the 
large body of data that was acquired. 

O ur discussion will be based pri
marily on the results obtained 
by Ciotto, since we know these 

results best and since this spacecraft 
flew closest to Halley's nucleus. The 
data from the other space probes 
are equally important for obtaining a 
complete picture of the cometary phe
nomena, because those probes pro
duced data complementary to those 
of Ciotto. We shall therefore include 
their findings in the discussion wher
ever they are needed. 

A prerequisite for the success of the 
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Ciotto mission was a flight path that 
took the probe as near as possible to 
the nucleus while ensuring that nei
ther the probe itself nor its stability 
was adversely affected by gas or dust. 
The calculated risks taken by the plan
ners of the Ciotto mission proved to be 
worthwhile. It was during the few min
utes just before Ciotto's closest ap
proach that some of the crucial meas
urements were made. So close to the 
nucleus, the molecules detected in gas 
and dust were to a large extent pre
served in their original form, un
changed since the comet's formation. 

In a sense, then, the flight of Ciotto 
represented a path back through time 
to the epoch when comets were born. 
How and when were they formed? Ac
cording to prevailing theory, the birth 
of the solar system, including the 
comets, began about 4.6 billion years 
ago, when the universe was about two
thirds its present age. Interstellar mat
ter-probably in the form of a dark 
molecular cloud-reached a sufficient 
density to initiate a gravitational col
lapse. Angular momentum was con
served in the collapse, so that a rotat
ing disk of matter emerged. The sun 
and the planets were gradually built 
through the process of accretion. 

A widely accepted scenario for the 
origin of the comets was developed 
in 1950 by the Dutch astronomer Jan 
Oort. The orbits of the comets that 
have long periods and the amounts of 
gas they emit when they are close to 
the sun led Oort to postulate that, 
these bodies, which are the smallest in 
the solar system, originally formed in 
large numbers in the region of the 
outer planets, beyond the orbit of Ju
piter. Many of the comets later es
caped into interstellar space as a re
sult of perturbations of their orbits by 
the outer planets. A number of the 
comets, however, were concentrated 
in a cloud lying between . 5  light-year 
and two light-years from the sun, at 
the edge of the region dominated by 
the sun's gravitational attraction. 
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The so-called Oort cometary cloud 
was then disturbed, over billions of . 
years, by the gravitational forces of 
passing stars, which either ejected 
comets into interstellar space or in
jected them into orbits that pass rela
tively close to the sun. Solar radiation 

and the solar wind (the stream of elec
trically charged particles flowing from 
the sun) cause these latter comets to 
develop a coma-a spherical cloud of 
gas and dust-and a tail. The dust 
particles in the coma and the tail scat
ter light, and molecules in the gas are 

excited by solar radiation, which caus
es them to luminesce. The comet thus 
becomes visible. 

The source of the gas in the coma 
and tail is probably icy material con
sisting of volatile substances that the 
comet has taken up and preserved 

HALLEY'S COMET, photographed on March 19, 1986, from the 
island of Reunion in the Indian Ocean, appears brightest at its 
coma: the cloud of gas and dust surrounding the nucleus. 
Behind the coma are a straight, bluish ion tail and a curved, 

diffuse dust tail. The ion tail is caused by the interaction be
tween cometary gas and the solar wind (the stream of charged 
particles issuing from the sun); the dust tail results from 
the radiation pressure of the sun on cometary dust particles. 
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over billions of years. As a comet pass
es the sun, the icy substances on the 
side exposed to the sun sublime and 
release a gas mixture that expands 
into interplanetary space, contribut
ing to the coma and the tail. The mole
cules in this mixture are then gradual
ly dissociated and ionized (stripped of 
an outer electron) by ultraviolet radia
tion. The resulting gas of electrically 
charged particles is called a plasma. 

Hence the coma is a mixture of 
neutral and ionized gases. The 
inner coma, close to the nu

cleus, is composed predominantly of 
neutral molecules and atoms. Farther 
from the nucleus the coma is domi
nated increasingly by ions. Each kind 
of molecule or atom requires a specif
ic amount of time to become ionized, 
and each moves away from the comet 
at a speCific speed; as a result each 
species reaches a characteristic dis-

tance from the comet before it is ion
ized. For example, atomic hydrogen, 
which is produced when water mole
cules are dissociated, travels at a rela
tively high speed and therefore retains 
its neutral form over distances of up 
to 10 million kilometers from the nu
cleus. As soon as the neutral atoms 
and molecules are converted into ions 
and electrons, they come under the 
influence of the electric and magnetic 
fields carried by the solar wind. 

Essentially correct interpretations 
of the interaction between the plas
ma of the solar wind and the plasma 
of the comet were given by the Ger
man astrophysicist Ludwig Biermann 
in 1951, the Swedish physicist Hannes 
Alfven in 1957 and later by many oth
ers. Their predictions have now re
ceived on-the-spot confirmation from 
the observations made by the five Hal
ley probes and by the American probe 
International Cometary Explorer (ICE), 

which in the fall of 1985 traveled 
through the tail of comet Giacobini
Zinner [see "The Structure of Comet 
Tails," by John C. Brandt and Malcolm 
B. Niedner, Jr.; SCIENTIFIC AMERICAN, 
January, 1986]. 

The precise data collected by these 
probes in the immediate vicinity of 
the comets have now made it possible 
to replace the general ideas with a 
quantitative description. To study the 
interaction of the comet plasma with 
the solar wind-an interaction simi
lar to those that play important roles 
in the evolution of the atmospheres 
of planets and their satellites-Giono 
carried a number of instruments [see 
illustration on page 100]. Instruments 
designated JPA, RPA and EPA measured 
the energies and directions of motion 
of particles, while others (IMS and NMS) 
distinguished the various kinds of 
particles. Also on board was a magne
tometer (MAG) that measured the dis-

IONOPAUSE 

103 10' 
DISTANCE FROM NUCLEUS 

(KILOMETERS) 

SIX SPACE PROBES flew by Halley's 'comet in March, 1986. Four 
of them-the Soviet Vega-1 and Vega-2, the Japanese Suisei 
and the European Giotto-passed the sunlit side of the nucle
us at distances of between 600 and 150,000 kilometers. The 
first photographs of a cometary nucleus were made, the gas 
and dust streaming away from the comet were investigated 

and interactions between the comet and the solar wind were 
studied. In addition the probes Sakigake (from Japan) and ICE 
(from the U.S.) gathered data in the solar wind, upstream from 
Halley's comet. Giotto, which was equipped with a dust shield, 
was the only probe to penetrate the ionopause, which bounds 
the region of pure cometary gas surrounding the nucleus. 
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turbances in the interplanetary mag
netic field caused by the comet. In 
addition the magnetometer registered 
the electromagnetic waves produced 
by the collision of the solar plasma 
with the plasma of the comet. �far as eight million kilometers 

from the cometary nucleus the 
IMS began to register a popula

tion of protons distinct from those in 
the solar wind. The velocities of the 
protons in this population showed 
that the particles were actually new
ly ionized hydrogen atoms from the 
comet's coma. The magnetic field of 
the solar wind carries such protons 
away from the sun along spiraling tra
jectories. The same is true for other, 
heavier ions newly created by photo
ionization. The momentum of the so
lar wind as it streams toward a comet 
must therefore be shared by an ever 
increasing number of particles, many 
of which are relatively heavy. This mo
mentum transfer is called mass load
ing, and it causes the solar wind to 
slow down gradually. 

At a distance of 1.1 million kilome
ters from the nucleus, the particle de
tectors and magnetometer registered, 
as expected, a shock front arising 
from the interaction of the plasma of 
the solar wind with the plasma of the 
comet: the speed of the ions in the 
solar wind decreased and their temp
erature (the extent to which the veloc
ity of individual ions varied randomly 
from the average velocity of all the 
ions) increased dramatically at the 
same time. The thickness of the shock 
front-the distance over which the 
speed of the solar-wind ions de
creased and their thermal velocity in
creased-was 40,000 kilometers. 

The shock front does not form an 
actual barrier between the solar wind 
and the cometary ions; the solar wind 
merely becomes turbulent there. The 
final barrier that keeps the solar wind 
from streaming closer to the nucleus 
is formed by the slow-moving gas of 
cometary molecules and ions at the 
so-called ionopause. Neither the ions 
of the solar wind nor its magnetic field 
is able to pass through this barrier 
into the pure cometary gas beyond 
it, and they "pile up" outside. Hence 
the magnetic field increases as one 
approaches the ionopause: Ciotto's 
MAG instrument measured a maximum 
field strength of 60 nanoteslas at a 
distance of about 16,000 kilometers 
from the nucleus. (For comparison, 
the strength of the interplanetary 
magnetic field outside the coma was 
eight nanoteslas, and the strength of 

the earth's magnetic field at the poles 
is approximately 60,000 nanoteslas.) 

Because the magnetic field lines get 
stuck, as it were, at the ionopause, 
they become draped around it. This 
effect creates the ion tail, which con
sists of ions from the solar wind and 
cometary ions flowing along the 
drawn-out field lines. 

Ciotto was the only probe to pene
trate through the ionopause into the 
comet's ionosphere. About 4,600 kil
ometers from the cometary nucleus, 

-
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Ciotto's instruments showed the mag
netic field falling to zero and the 
temperature of the ions decreasing 
from about 2,000 degrees Kelvin (de
grees Celsius above absolute zero) to 
about 300 K (about room tempera
ture). These declines marked the iono
pause. Before the mission, no one was 
prepared to predict the position of 
this boundary between the turbulent 
mixture of solar-wind ions and come
tary ions and the pure, cold cometary 
ionosphere; the values of the variables 

: 
• 

MAGNETIC FIELD LINE 

INTERACTION between a comet and the solar wind is shown. Magnetic field lines 
"frozen" in the solar wind are unable to penetrate the ionopause, and so they pile up 
in front of it and drape around it (top). On the side of the comet facing away from the 
sun an ion tail forms. The bottom part of the illustration depicts the interaction 
in three dimensions, as deduced from measurements made during GiatlO's flyby. 
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determining the position of tills dis
continuity were simply not known. 

The Ciotto mission made particu
larly significant contributions in 
determining the composition of 

the neutral and ionized gases in the 
coma, thanks to the sensitive instru
ments on board and to the daringly 

close approach to the nucleus. The 
measurements of the gases were im
portant to make; the fraction of vola
tile materials in the nucleus probably 
represents about half or more of the 
total mass of the comet. Such material 
has largely been lost from the terres
trial planets, the earth's moon and 
meteorites. 

EXPERIMENT, 
SCIENTIFIC OBJECTIVES 

PRINCIPAL INVESTIGATOR, 
ACRONYM LEADING INSTITUTE 

CAMERA To produce high resolution H. Uwe Keller 

HMC photographs of the nucleus Max Planck Institute 
and of the gas and dust. for Aeronomy, Lindau 

NEUTRAL MASS To determine the composi· Dieter Krankowsky 

SPECTROMETER tion, density and velocity of Max Planck Institute 

NMS the neutral gases and of for Nuclear Physics, 
low·energy cometary ions. Heidelberg 

ION MASS To determine the composi- Hans Balsiger 

SPECTROMETER tion, density, energy and an- University of Berne 

IMS gular distribution of the ions 
in the solar wind and in the 
cometary plasma. 

DUST MASS To determine the composi- Jochen Kissel 

SPECTROMETER tion and mass of cometary Max Planck Institute 

PIA dust particles. for Nuclear Physics, 
Heidelberg 

DUST-IMPACT- To determine the abundance J. Anthony M. McDonnell 

DETECTOR SYSTEM and mass distribution of dUSI University of Kent 

DID particles. 

PLASMA To determine the energy and Alan Johnstone 

ANALYSIS 1 angular distribution of ions Mullard Space Science Laboratory, 

JPA 
with high time resolution; to Holmbury, St.Mary 
determine the composition of 
pick-up ions. 

PLASMA To determine the energy and Henri Reme 

ANALYSIS? angular distribution of elec- Center for the Study 
trons with high time resolu- of Space Radiation, Toulouse 

RPA tion; to determine the compo-
sition of cold clusters of ions. 

ENERGETIC To determine the energy and Susan M. P. McKenna-Lawlor 

PARTICLES angular distribution of high- St. Patrick's College, 

ANALYZER energy charged particles Maynooth 
(those with energies above 

EPA 20 kev). 

MAGNETOMETER To measure the magnetic Fritz M. Neubauer 

MAG field with high time resolu-
tion. 

University of Cologne 

OPTICAL-PROBE To measure the distribution Anni Chantal Levasseur-Regourd 

EXPERIMENT' of gas and dust (CN and OH). National Center 

OPE for Scientific Research, 
Verrieres-Ie-Buisson 

RADIO-SCIENCE To measure the density of Peter Edenhofer 

EXPERIMENT gas and dust along the trajec- University of Bochum 

GRE tory of the spacecraft. 

INSTRUMENTS on board the European Space Agency's probe Giofto are characterized 
here. The table lists the name, scientific objective and principal investigator of each. 
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During Ciotto's flight through the 
coma, the NMS determined .that gas 
was issuing from the nucleus at a rate 
of about 20 tons per second. For com
parison, the total mass of the comet 
is about 100 billion tons. Analysis and 
interpretation of the data are far from 
complete, but quite a few of the "par
ent," or original, molecular species of 
the cometary gas have already been 
determined. A combination of results 
from the NMS (which measures the 
abundances of neutral molecules), 
from the IMS (which determines the 
proportions of ions) and from optical 
instruments (the optical probe experi
ment, called the OPE, and various in
struments on Vega, on earth-orbiting 
satellites and on the ground) leads to 
the conclusion that the gas is roughly 
80 percent water, 10 percent carbon 
monoxide, 3 percent carbon dioxide, 2 
percent methane, less than 1.5 percent 
ammonia and .1 percent hydrocyanic 
acid. Some heavier ions of various 
kinds were detected by the RPA, the 
NMS and the IMS, as well as by instru
ments on Vega, but the nature of the 
corresponding parent molecules has 
not yet been determined. 

The measurement of carbon monox
ide done by the NMS produced a par
ticularly interesting result: the abun
dance of carbon monoxide in relation 
to the other gases increases with dis
tance from the nucleus. This means 
either that carbon monoxide as a gas 
is released from the comet's nucleus 
unevenly or that a relatively large 
amount of it is released from small 
dust particles within 10,000 kilome
ters of the nucleus as they are heated 
by sunlight. The latter explanation 
would imply that the carbon monox
ide is remarkably well retained by the 
dust grains, probably within larger 
molecules or polymers. 

Isotopic measurements made by the 
NMS revealed relative abundances of 
isotopes of sulfur and oxygen that 
agree to within experimental uncer
tainty with the abundances on the 
earth and in meteorites. In the water 
of Halley's comet, as on the earth and 

/ in meteorites, there is a greater pro
portion of heavy hydrogen than there 
is in interstellar gas. 

The other, nonvolatile part of the 
comet's mass can be sampled in 
the form of cometary dust. Orig

inally embedded in the ice of the com
etary nucleus, the dust particles are 
driven away from the nucleus as the 
ices sublime and the gases expand. 
The trajectories of the particles within 
the coma are determined by the initial 
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direction in which they leave the nu
. cleus (the direction of the gas outflow) 
and by the direction of the sun's radia
tion pressure. 

For the smallest particles-those 
having a diameter of less than a mi
crometer, or a millionth of a meter
the sun's radiation pressure domi
nates over its gravitational pull. These 
particles are driven away from the 
sun, producing the dust tail that is 
clearly visible in many comets. For 
larger particles the gravitational pull 
of the sun overcomes the radiation 
pressure, and so the particles stay 
near the orbital path of the comet. 
Since the particles are emitted from 
the nucleus in various directions, they 
orbit the sun at somewhat different 
speeds. In the course of time a wide 
stream of particles is formed, and 
the stream spreads out continuous
ly along the orbital path. That is how 
a meteor stream is created. Such a 
stream is more commonly known as 
a meteor shower, because of the ap
pearance it takes when it enters the 
earth's atmosphere. Some of the par
ticles survive the friction of the at
mosphere. For some time such par
ticles have been collected in the strat
osphere, providing investigators with 
the first clues to the structure and 
composition of cometary dust. 

Halley's comet has created a meteor 
stream that is encountered by the 
earth twice per year, and hence gives 
rise to two annual meteor showers: 
the Orionids in October and the eta
Aquarids in May. 

When Ciotto traveled through Hal
ley's coma, dust was being emitted at 
a rate of between three and 10 tons 
per second. This estimate is based on 
measurements of the sizes and mas
ses of the dust particles encountered 
by the probe, as determined by the DID 
instrument, and on the rate at which 
the probe slowed down, as measured 
by the GRE. If the comet suffers such 
a high rate of loss only during the 
few months when it is close to the 
sun, then it must lose on the order of 
100 million tons of material during 
the course of each orbit. With a total 
mass of 100 billion tons, Halley's com
et can look forward to hundreds of 
happy returns! 

The particle-impact analyzers on 
board Ciotto (the PIA) and Vega-1 and 
Vega-2 analyzed the chemical compo
sition of thousands of dust particles, 
which had diameters ranging from .1 
micrometer to 10 micrometers. The 
dust is a mixture of a light substance 
consisting of hydrogen, carbon, nitro
gen and oxygen and a heavy, stony . 

BROWNLEE PARTICLE, a dust particle found in the earth's atmosphere, probably 
originated from dust shed by comets into interplanetary space. The composition of 
Brownlee particles corresponds to that of the stony component of cometary dust 
particles. Their loosely packed structure gives them a quite low density (about 
a gram per cubic centimeter) in spite of their stony composition. The white bar at 
the bottom corresponds to a length of one micrometer, or a millionth of a meter. 

material consisting mainly of magne
sium, silicon, iron and oxygen. 

From grain to grain there are large 
variations in the ratio of the light ma
terial to the stony material. It came as 
a surprise that the light material sur
vives for a comparatively long time 
when the dust particles are warmed in 
sunlight. Obviously some of the light 
material takes the form of polymer
ized organic substances, which seem 
to act as a glue, binding together 
smaller dust particles to form larger 
ones. The extremely small size of the 
cometary grains and their physical 
and chemical characteristics are remi
niscent of certain models that de
scribe interstellar dust grains [see 
"The Structure and Evolution of Inter
stellar Grains," by ]. Mayo Greenberg; 
SCIENTIFIC AMERICAN, June, 1984]. 

The ratios of the distinct isotopes of 
individual elements-carbon, magne
sium, silicon and iron-in the comet
ary dust are in overall agreement with 
the isotopic ratios typical of the en
tire solar system. The same agreement 
was found in the gas phase; this result 

is one of the primary indicators that 
the dust in Halley's comet originated 
from the same material as the rest of 
the solar system. 

Undoubtedly the highlight of the 
Ciotto voyage to Halley's comet 
was the close approach of the 

spacecraft to the source of the gas and 
dust: the nucleus itself. Before the 
Halley missions no cometary nucleus 
had ever been photographed, because 
nuclei are relatively small and are 
veiled by a coma. Nevertheless, inves
tigations of comas had made it possi
ble to deduce a considerable amount 
about the nuclei. 

Now the missions to Halley's comet 
have beautifully confirmed the essen
tial features of the accepted model of 
cometary nuclei: the "dirty snowball" 
model. That model was developed 
some 40 years ago by the American 
astrophysicist Fred L. Whipple. He pos
tulated that the nucleus is a single, 
solid object composed of water ice, 
other ices and dust particles. Whipple 
assumed that the nucleus is not en-
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NUCLEUS of Halley's comet was photographed by the Halley Multicolor Camera on 
board Giotto. The image at the top is a composite of six photographs. Color was 
added artificially. The map at the bottom indicates relevant features of the nucleus. 
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tirely compact but instead has a loose
ly packed structure. He further as
sumed that the side of the nucleus 
exposed to the sun releases gas.and 
dust homogeneously from a large 
area. The photographs made by Ciotto 
support the basic features of Whip
ple's model, but they also disclose 
some real surprises. The surface of 
the nucleus of Halley's comet is ir: 
regular and full of pits. Bright jets, or 
streams, of gas and dust gush from 
the surface of the nucleus. Further
more, the chemical data obtained by 
Ciotto and Vega show that the nucleus 
is actually made up of three compo
nents: the ices, the stony component 
and a heat-resistant light material that 
probably contains polymerized organ
ic compounds. 

Based on the photographs, the di
mensions of the nucleus have been 
estimated as being roughly 16-by
eight-by-eight kilometers. The shape 
is reminiscent of a peanut or a pota
to. By combining photographs from 
Ciotto and Vega-1, a three-dimension
al model of Halley's nucleus was con
structed and a volume of about 500 
cubic kilometers was derived. With a 
mass of roughly 100 billion tons, this 
leads to a density estimate of from .1 
to .3 gram per cubic centimeter. (Wa
ter has a density of one gram per cu
bic centimeter.) 

The surface area of the nucleus is 
approximately four times larger than 
had been thought. This means that the 
albedo (the percentage of incident 
sunlight that is reflected) is consider
ably lower than originally supposed. 
The low albedo (4 percent) means that 
Halley's comet is the darkest of all 
known bodies in the solar system. 

A further surprise is that the jets 
appear to be emitted from a relatively 
small fraction-about 10 percent-of 
the comet's total surface. Nearly 90 
percent of the surface was inactive at 
the time of the observations. Much of 
the surface is apparently covered with 
a crust of unknown thickness and 
structure. Before the space missions, 
jets were recognized as a source of gas 
and dust emissions from the nucleus, 
but their dominant role has been iden
tified only as a result of the photo
graphs taken by the space probes. It is 
now thought that virtually all the gas 
and dust that leaves the comet does so 
in the form of jets. 

The ultimate goal of analyses of 
the gas and dust in the coma is 
to determine the chemical com

position of the nucleus. The composi
tion of the coma is not necessarily the 
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same as that of the nucleus, since the 
composition of the gas and dust that 
jet from the nucleus may depend on 
local conditions at the sources of the 
jets. Nevertheless, the mixture of ele
ments that was present in the material 
emitted by the comet during the fly
bys of Vega-1, Vega-2 and Giono has 
yielded valuable information about 
the composition of the nucleus, and 
several conclusions can already be 
drawn from the data. 

In the first place, the proportion of 
volatile elements is much higher than 
it is on the earth and in meteorites; 
this is consistent with the comet's 
having formed in the cool outer reach
es of the solar nebula. 

Secondly, the abundances of carbon 
and nitrogen and of molecules con
taining these elements are most sig
nificant. In the hydrogen-rich environ
ment of the solar nebula, chemical 
reactions tend to produce compounds 
such as methane and ammonia, in 
which these elements are in a "re
duced" state; that is, they are bound to 
hydrogen atoms. It came as a surprise 
that in the material emitted by the 
comet these two compounds are quite 
low in abundance. Instead a consider
able fraction of the carbon is in oxi
dized form (bound to oxygen atoms), 
and there is much less nitrogen than 
might be expected. This indicates that 
chemical reactions in the outer parts 
of the solar nebula were not very effi
cient at rearranging the carbon- and 
nitrogen-containing molecules. 

Indeed, the findings resemble what 
might be expected in dense interstel
lar clouds, where the low tempera
tures lead to unusual chemistry. In 
these interstellar clouds neutral mol
ecules cannot readily react with one 
another; the chemistry is therefore 
dominated by reactions between neu
tral molecules and the small traces 
of ions that are present. As a conse
quence, in the gas phase of the clouds 
nitrogen is found mainly in its molec
ular form, carbon is usually found in 
the form of carbon monoxide or relat
ed substances and condensable mole
cules are enriched in deuterium (a 
heavy isotope of hydrogen). 

These chemical features are appar
ent in the mixture of volatile substan
ces in Halley's comet. In the comet's 
water, deuterium is from five to 10 
times more abundant than the inter
stellar average, and the NMS team 
found much carbon in the form of 
carbon monoxide. The low abundance 
of nitrogen reflects the peculiar chem
ical form nitrogen assumes in inter
stellar clouds. Molecular nitrogen is 

SUN HALLEY'S COMET METEORITES EARTH 

• _________ • 
C1 C2 C3 

· --------- · V. RATIO OF OXYGEN TO SILICON 

z 
o 
u 
� 
Vi 
o 
f
UJ 
> 

"'" .-- . 
.�. � 

----. 

� UJ 
0:: 
UJ 
U 
Z 
<I: 
Cl 
Z 
=> co 
<I: 

RATIO OF NITROGEN TO SILICON 

• "" ��TIO OF CARBON �O SILICON 

• 

• 
\ 
• 

\ 
• 

• 

RATIO OF HYDROGEN TO SILICON 

RElATIVE ABUNDANCES of, key elements in material emitted by Halley's comet are 
compared with their abundances in other bodies. The ratio of dust to gas at the 
source (the comet itself) was assumed to be two to one. Relative abundances of 
elements in the comet are close to those in the sun, whereas the relative abundances 
found in the earth and in three classes of the meteorites known as carbonaceous 
chondrites are not. This result confirms the hypothesis that comets consist of very 
primitive material, depleted only in the volatile elements hydrogen and nitrogen. 

hard to bind or condense; either this 
nitrogen was lost from the comet or it 
was not even incorporated in the com
et in the first place. 

These findings, after they have been 
refined and analyzed further, should 
help our attempts to reconstruct the 
origin of the solar system. At least in 
the outer parts of the early solar sys
tem, physical and chemical processes 
must have been so gentle that chemi
cal bonds that are older than the sun 
have survived the formation of the 
solar nebula (and, of course, the for
mation of Halley's comet). Hence the 
chemistry of comets provides us with 
a link between the solar system and its 
ancient ancestor, an unnamed dark 
interstellar molecular cloud dispersed 
long ago. 

The results obtained by the Halley 
probes represent an important 
step forward in our understand

ing of the nature of comets, and by 
extension of the solar system as a 
whole. Probes to other comets will 

undoubtedly follow. In particular, the 
data sent back by Giono from deep 
within Halley's coma demonstrate that 
it would be worthwhile to bring sam
ples of cometary material back to the 
earth for analysis by modern laborato
ry techniques. 

FURTHER READING 
THE STRUCTURE OF THE CLOUD OF COM

ETS SURROUNDING THE SOlAR SYSTEM, 
AND A HYPOTHESIS CONCERNING ITS OR
IGIN. J. H. Oort in Bulletin of the Astro
nomical Institute of the Netherlands, 
Vol. 11, No. 408, pages 91-110; January 
13, 1950. 

A COMET MODEL. I: THE ACCELERATION 
OF COMET ENCKE. Fred L. Whipple in The 
Astrophysical Journal, Vol. Ill, No.2, 
pages 375-394; March, 1950. 

ENCOUNTERS WITH COMET HALLEY: THE 
FIRST RESULTS. In Nature, Vol. 321, No. 
6067, Supplement, pages 259-366; May 
15, 1986. 

PROCEEDINGS OF THE 20TH ESlAB SYMPO
SIUM, HEIDELBERG, OCTOBER, 1986. As
tronomy and Astrophysics, Vol. 187, No· 
vember, 1987. 
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The Fossils 

of Montceau-Ies-Mines 
Some 300 million years ago central France 

lay at the Equator. The paleoecology of this bygone world 
has been reconstructed from a superb fossil cache 

by Daniel Heyler and Cecile M. Poplin 

T
he final part of the Paleozoic era, 
some 300 million years ago, was 
a time of transition. The Carbon

iferous period, when the continents 
were gathered in several landmasses 
near the Equator and a hot, humid 
climate sustained the swamp forests 
that gave rise to the major coal re
serves of today, was drawing to a 
close. The world was about to enter 
the Permian period, when humid heat 
would give way to a cooler, more arid 
climate and the first reptilian ances
tors of mammals would begin to pop
ulate the continents. 

Central France was then a region of 
hills covered with giant ferns and co
nifers, interspersed among lowlands 
patterned with rivers, lakes and la
goons. Millipedes, scorpions, insects, 
salamanderlike amphibians and rep
tiles crawled on the land, and the wa
terways teemed with worms, crusta
ceans, mollusks and ancestral sharks 
and fishes. When these creatures died, 
their bodies sank to the bottom of 
swamps, where they were preserved 
and eventually fossilized. 

Some of these fossil plants and ani
mals were unearthed during the 19th 
century at Montceau-les-Mines, a coal 

DANIEL HEYLER and CECILE M. POPLIN 
are paleontologists at the Museum of 
Natural History in Paris (Unite Associee 
12 of the National Center for Scien· 
tific Research). They share an interest 
in Upper Paleozoic vertebrates. Heyler 
specializes in fossil fishes, amphibians 
and tetrapod footprints from continen
tal basins of western Europe, in particu
lar France. Poplin studies mainly North 
American fossil fishes. She has also 
worked on European and Chinese fishes 
and primitive mammals from Mongolia. 
Montceau researchers not mentioned in 
the article include j. Doubinger, G. Gand, 
Jean R. Langiaux and M. D. Sotty. 

basin situated northeast of the Massif 
Central, a mountain range formed dur
ing the Paleozoic at about the same 
time as the Appalachians. It was only 
about 10 years ago, however, that 
strip-mining of the Montceau coal 
seams revealed the magnitude of the 
fossil deposit. Many paleontologists 
now agree that it is one of the richest 
discoveries of the past decade. Galva
nized by the imminent destruction of 
the site, local amateur paleontologists 
converged on the mine. Weekend after 
weekend they raced to save fossil ma
terial before it would be destroyed by 
strip-mining machinery. 

Working with the Paleontological In
stitute at the Museum of Natural His
tory in Paris and the Natural History 
Museum in Autun, near Montceau, 
they harvested 7,000 shale slabs and 
more than 100,000 nodules, most of 
them bearing fossils. They carefully 
recorded the location and orientation 
in which each nodule was found. Later, 
when the fossils had been identified, it 
would be possible to reconstruct their 
distribution in the fossil beds. This 
was the first time such precise, mod
ern excavating methods had been em
ployed on such ancient deposits. 

The mine, no longer operational, has 
been filled in. For the scientists in
volved, the enormous task of examin
ing the rescued specimens is still un
der way. About a fourth of the nodules 
have been opened, and nearly 22 per
cent of them have yielded well-pre
served fossil animals. Many specimens 
proved to be in excellent condition; 
they included such animals as in
sect nymphs and soft-bodied worms, 
rarely found in a fossilized state. 
A research effort coordinated by us 
and supported by the National Center 
for Scientific Research (CNRS) made it 
possible to assemble an international 
team of specialists to examine this 
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first lot of fossils. The workers have 
been able to reconstruct the main fea
tures of the site's plant and animal 
community as well as of its environ
ment. To date nearly 300 species of 
plants and pollen and 16 classes of 
animals representing about 30 genera 
have been identified. 

The fossils represent a slice of the' 
earth's geological past that stretches 
from the end of the Carboniferous to 
the beginning of the Permian. Dur
ing that time the region's tropical cli
mate gave way to a more temperate 
one, accompanied by changes in the 
flora and fauna that made them better 
adapted to the drier climate. Thus the 
deposition documents the transition 
of species over a critical period in 
earth history. 

T
he fossils of the Montceau ba
sin are either shale depOSits, 
formed when animals and plants 

were flattened between layers of silt, 
or nodules. The process by which the 
latter came about is not completely 
understood, but it is thought that an 
organism can act as a nucleus around 
which fine sediments accumulate to 
form the nodule. Nodule fossils-also 
found at contemporaneous sites such 
as Mazon Creek near Chicago and at 
later ones such as the Triassic site in 
Madagascar and the Cretaceous site at 
Ceara in Brazil-are more three-di
mensional and so give a clearer pic
ture of an organism's physical form. 

The zoological groups represented 
in the Montceau fossils vary consider
ably in the number of individuals. For 
several reasons, however, the num
bers do not accurately reflect the fau
nal populations in the basin at the 
time. First, soft-bodied animals tend 
not to be preserved as readily as ani
mals with hard parts, such as shell or 
bone. Second, the speed of the strip-
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mining made it impossible to collect 
illl the fossils. Last, the mine is only 
a part of the entire geological basin. 
Nevertheless, for sheer quantity, quali
ty and diversity of specimens, Mont
ceau can be compared to the famous, 
contemporaneous site at Mazon Creek 
and the Bear Gulch, Mont., site (where 
the fauna is about 15 million years 
older). 

The oldest layers at Montceau were 
deposited at the end of the Carbonif
erous period, which began 345 million 

years ago and lasted for about 65 

million years. The period accounts for 
the world's coal reserves. Coal forma
tion slowed as the climate became 
cooler and drier during the succeeding 
Permian period, which began 280 mil
lion years ago and lasted for 50 mil
lion years. Hence coal from the Permi
an is scarce. The transition between 
the Carboniferous and the Permian . 
periods is not marked by an abrupt 
geological change and so is not re
corded as a stratigraphic boundary. 

One must turn to paleontology and in 
particular to paleobotany in order to 
assign a deposit to the transition. 

It was the fossil flora more than the 
fauna that enabled the lower layers at 
Montceau to be dated to the Stephani
an (the last stage of the Carbonifer
ous) and the upper layers to the Au
tunian (the first stage of the Permian). 
The evolution of the flora throughout 
Montceau bears witness to the change 
in climate that took place between 
these two geological periods. 

ANIMALS that lived during the Upper 
Carboniferous period, 300 million years 
ago, are preserved in these fossils found 
at Montceau-les-Mines. Exquisitely pre· 
served fore wing and hind wing (top 
left) belonged to an extinct insect, Micro· 
dictya heyleri. A cockroach nymph (bot
tom left) is one of many insect nymphs 
found at the site. An onychophore (top 
right), an unusual animal sharing fea
tures of both worms and arthropods, 
is preserved in a nodule. Its existing 
descendants resemble velvety caterpil
lars. A Paleozoic scorpion (bottom right) 
resembles its modern descendants; its 
venomous vesicle and sting are visible. 
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STRIP-MINING exposed layers of fossil-bearing coals at Montceau-les-Mines, about 
300 kilometers southeast of Paris_ Approximately 7,000 shale slabs and lOO,OOO 
nodules were excavated over two years by local amateur paleontologists_ Most of 
the nodules remain unopened in the attic of the Natural History Museum in Autun_ 

CAlAMITES (left), which resemble modern horsetails, grew to the height of trees in 
the Carboniferous forest. These plants lacked flowers and seeds; they reproduced by 
means of spores_ A giant seed fern (right) reproduced with minute seedlike ovules_ 
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Fossil plants are abundant at Mont
ceau. Nearly 300 species belong to the 
ancient groups that preceded the 
seed-producing modern flora. S0me 
resemble giant horsetails and ferns, 
which loomed as tall as trees in the 
Carboniferous forest. At Montceau 
these plants left some trunks in situ 
and many leaves. They reproduced by 
means of spores. The common plants 
of the genus Alethopteris also resem
bled giant ferns but reproduced by 
means of an ovule, or seedlike or
gan. Known as seed ferns, this group, 
which lived mainly during the Carbon
iferous and the Permian, is impor
tant for understanding the evolution 
of seed plants. More highly evolved 
plants, such as the first conifers, were 
also on the scene; they had appeared 
during the Upper Carboniferous. In 
increasingly recent strata at Montceau, 
conifers tend to replace the other 
groups, probably indicating the ad
vent of a drier, cooler climate. 

O
f the Montceau fauna, arthro
pods are by far the most nu
merous and well-preserved 

group. By the end of the Carbonifer
ous this phylum had already diversi
fied into half a dozen or so primi
tive classes_ The aquatic arthropods 
are undoubtedly the most numerous; 
crustaceans alone represent 43 per
cent of the fauna examined to date. 
The latter were studied by Sylvie Sec
retan of the Museum of Natural Histo
ry in Paris, Frederick R. Schram of the 
San Diego Natural History Museum 
and W. D. Ian Rolfe of the University of 
Glasgow. They include 2,000 speci
mens of syncarids-primitive shrimp
like creatures that still exist--and os
tracods, minute crustaceans that have 
bivalve shells and survive today in 
both fresh and salt water. Robert Feys 
of the French Bureau of Geological and 
Mineral Research studied the esthe
rias, another bivalve crustacean. 

The euthycarcinoids, a rare group of 
aquatic arthropods resembling milli
pedes with tails, drew the attention of 
specialists when they were discovered 
at Montceau; the finding subsequently 
led to the discovery of the same genus 
(Sottyxerxes) at Mazon Creek. Also 
found at Montceau were 45 specimens 
of xiphosurans, which have been iden
tified but not yet studied; this group 
includes the horseshoe crab. 

The terrestrial arthropods at Mont
ceau include the principal groups liv
ing today. They are millipedes, studied 
by John E. Almond of the University of 
Cambridge, as well as spiders and 
scorpions. The scorpion fossils, stud
ied by one of us (Heyler) and his col-
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FOSSILS OF ACTINOPTERYGIAN FISHES were found in the Autun 50 kilometers distant. Lakes in the two basins were probably 
Basin; similar specimens were discovered at Montceau, some once connected. This fish was covered with enamellike scales. 

league at the Museum of Natural His
tory in Paris, Maxime A Vachon, in 
many cases are beautifully preserved, 
complete with the venomous vesicle 
and sting. An extinct group of terres
trial arthropods, the arthropleurids, 
was also found. They resemble huge 
sow bugs and have been found only in 
Carboniferous basins. The five indi
viduals from Montceau, studied by 
Derek E. Briggs of the University of 
Bristol, are the smallest, most com
plete arthropleurids found to date; 
they probably belong to a new species. 

The insects, studied by Laurie Burn
ham at Harvard University, are sur
prisingly varied. Insects first appear in 
the fossil record at the beginning of 
the Upper Carboniferous, some 320 

million years ago. Yet they are repre
sented by eight orders at Montceau, 
which records a time just 20 million 
years later. These fossils, dating from 
a time when land plants and other 
life-forms were diversifying, represent 
an important stage in the evolution of 
insects. Montceau has yielded a large 
number of immature insects, many 
with developing wing buds. It is hoped 
that these nymphal forms, currently 
under investigation, will provide clues 
to the evolution of insect wings. 

One astonishing discovery was of 
two fossil onychophores, animals that 
bear a superficial resemblance to large 
caterpillars. Today these animals are 
exceedingly rare and live in Central 
America, the Caribbean and the Indo
Australian region. Much ink has been 
spilled over their affinities: they share 
characteristics of both annelid worms 
and arthropods, and for a while it was 

FOSSIL FOOTPRINTS (top) record the passage of an early amphibian or reptile. Its 
tail trailed behind, leaving a sinuous trace. Fossils of larval branchiosaurus (mid· 
die), an early amphibian, were found concentrated at the same spot in a Carbonif· 
erous stratum. They resemble tadpoles of modern amphibians. This specimen is 
two centimeters long. Fossils of more mature animals that had developed legs (bot· 
tom) are rare at Montceau. This branchiosaurus specimen is seven centimeters long. 
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thought they might be ancestors of all 
arthropods. This hypothesis, however, 
seems to have been abandoned. In any 
case, the onychophores are true rel
ics of the early Paleozoic, apparently 
having undergone little morphological 
change in nearly 500 million years. 

Other invertebrates include bivalve 
mollusks, studied by Claude Babin of 
the University of Brest. These animals, 
found in great abundance at Mont
ceau, all belong to a single species, 
Anthraconaia /usitanica, which was 

widespread at the time in Europe, 
from Poland to the Iberian Peninsula. 
This mollusk is one of the classic, 
stratigraphic fossils that made it pos
sible to date the layers in which they 
were found at Montceau to the Upper 
Carboniferous. More unusual was the 
discovery of polychaete annelids, seg
mented worms that typically have . 
fleshy, paddlelike appendages pro
truding from each segment. The bod
ies of these animals are made up en
tirely of soft tissue, but thanks to the 

exceptional preservation in the nod
ules, 72 individuals have been' found. 

T
he vertebrates found at Mo'nt
ceau belong to at least four 
classes: bony fishes, cartilagi

nous fishes, amphibians and reptiles. 
Fish are the most numerous. The acan
thodians, the first jawed fishes in the 
fossil record, are represented at Mont
ceau by specimens from 20 to 50 cen
timeters long. These enigmatic fishes 
have tails resembling those of sharks. 

DIVERSE LIFE-FORMS inhabited the hot, humid landscape of 
France's Massif Central during the Upper Carboniferous. The 

region was dotted with hills, rivers and lakes. Fossilized re
mains suggest that these plants and animals inhabited an 
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Their fins are supported by sharp 
. spines; a predator would have found 
them most uncomfortable to swallow. 
These fishes vanished without de
scendants 250 million years ago. 

A second group is the Xenacanthida, 
distant cousins of ancestral sharks. 
These freshwater predators prowled 
the coal swamps during the Upper 
Carboniferous and Lower Permian. 
Xenacanths were the giants of the 
time, reaching three meters in length, 
but those from Montceau were rath-

1. CRUCICALAMITES HORSETAIL) 

2. CORDAITES (EARLY SEED PLANT) 

3. SIGILLARIA (LYCOPOD PLANT) 

4. PECOPTERIS (SEED FERN) 

5. LEPIDODENDRON (LYCOPOD PLANT) 

6. STYLOCALMITES (GIANT HORSETAIL) 

7. MICRODICTYA HEYLERI (EXTINCT INSECT) 

8. COCKROACH 

9. XIPHOSURE ("HORSESHOE CRAB") 

10. TETRAPOD F OOTPRINTS 

11. STEREORACHIS DOMINANS (REPTILE) 

12. ACTINODON FROSSARDI (AMPHIBIAN) 

13. CALL/BRACHION GAUDRYI (REPTILE) 

14. XENACANTHUS (SHARK) 

15. COMMENTRYA (ACTINOPTERYGIAN FISH) 

16. ACANTHODES (ACANTHODIAN FISH) 

17. ONYCHOPHORE 

18. AEDUELLA BLAINVILLEI 

(ACTINOPTERYGIAN FISH) 

19. BUTHISCORPIUS (SCORPION) 

20. BOTRYOCOCCUS (BACTERIA) 

21. SAURAVUS CAMBRAYI (REPTILE) 

22. POLYCHAETE WORM 

23. BRANCHIOSAURUS TADPOLE (AMPHIBIAN) 

24. OSTRACOD (BIVALVE CRUSTACEAN) 

25. ARTHROPLEURID 

26. PALAEOCARIS (SYNCARID) 

27. ESTHERIA (BIVALVE CRUSTACEAN) 

28. KOTTIXERXES GEREM (EUTHYCARCINOID) 

29. BRANCHIOSAURUS (AMPHIBIAN) 

30. APSIDONEURA SOTTYI 

(INSECT) 

estuarine environment. Species shown 
in this scene are not all drawn to scale. 

er small, never exceeding one meter. 
Their numerous sharp teeth indicate 
that they were great hunters. They 
have a strong, serrated spine at the 
base of the skull, which most likely 
served as a defensive weapon. 

A third group, the actinopterygians, 
is represented at Montceau by eight 
species. In appearance they evoke 
their remote descendants such as 
carps, sardines and tunas, but they 
possess numerous primitive charac
teristics such as their cranial anatomy 
and their thick, enamellike scales, 
which must have given these fishes a 
rather rigid appearance. 

The amphibians at Montceau resem
ble small salamanders. One region in 
the deposit yielded a fossilized group 
of gill-bearing larvae, similar to the 
tadpoles of extant amphibians. Frag
ments of larger skeletons found else
where at Montceau probably belonged 
to full-grown animals similar to those 
identified at other contemporaneous 
deposits. Except for these, few bones 
of amphibians or reptiles have been 
found at Montceau. 

These creatures did, however, leave 
numerous footprints, which are pre
served in the shales. Such footprints 
record the location of shores: river
banks and the edges of lakes and la
goons. Unlike carcasses, which may 
have been swept far from their point 
of origin, prints remain in place from 
the day they were formed. They show 
fingers, claws and sinuous lines drawn 
by a tail trailing in the mud as an 
animal made its way to the water. The 
tetrapod spoor at Montceau reveal 
that many species of amphibians and 
reptiles lived together there. The num
ber of prints, however, yields no infor
mation about the actual abundance of 
a species, because a single individual 
could have left many traces in the 
course of a day. 

Animals were not the only makers of 
fossil prints. Our team also often 
found imprints of falling rain, ripple 
marks left by running water and the 
cracked pattern of drying mud. These 
are important indicators of climate, 
revealing intervals of dryness alternat
ing with rainfall. Such records pre
serve changes on tiny time scales, as 
brief as a season, a week or even a day. 

W
hat kind of environment did 
the plants and animals of 
Montceau inhabit? The faunal 

evidence tells a contradictory story. 
Many of the animals, such as the poly
chaete worms and some of the aquatic 
arthropods, lived in salt water, like 
their modern descendants. Moreover, 
fossils resembling those from Mont-

ceau have been found at Mazon Creek 
in sediments known to have been ma
rine. Yet other aquatic animals are 
characteristic of lacustrine, generally 
freshwater environments. Onychoph
ores today are found in humid, tropi
cal forests near rivers, and extant am
phibians live only in fresh water. Ar
thropleurid and estheria fossils have 
been found in freshwater Carbonifer
ous basins in Europe and North Ameri
ca. Finally, there is no doubt that milli
pedes, spiders, scorpions, insects and 
reptiles are mainly terrestrial. 

This confused picture of the Mont
ceau environment was resolved with 
the help of the humble bivalve Anthra
conaia. At Montceau the fossil mol
lusk's two shells are usually found 
linked by the hinge. The preservation 
of the fragile hinge shows that the 
shells of dead animals were not trans
ported before being buried. It is even 
possible that living animals were en
tombed abruptly by the rapid deposi
tion of sediment. The small size of the 
specimens, together with the elongat
ed shape of their shells, indicates that 
the environment was somewhat poor 
in organic nutrients. Rapid sedimenta
tion and a scarcity of nutrients indi
cate that Montceau lay at an estuary, 
where the flow of fresh river water 
alternated with brackish tides. 

The aquatic faunas also disclose 
something about the larger-scale ge
ography at the time. Fossil fishes at 
Montceau are closely related to fishes 
excavated from lacustrine basins in 
the nearby Massif Central region, less 
than 200 kilometers away. The lakes 
must have been linked at times, per
haps by flooding, enabling aquatic 
species to migrate from one place to 
another. As the floodwaters ebbed, the 
lakes became separated once again. 
Such minor events might leave no 
traces visible to a geologist working 
300 million years later, but paleonto
logical evidence suggests that the dif
ferent environments must have been 
connected in some way. 

If the Montceau region was dotted 
with lakes, where was the sea? Most 
geologists think the sea at the end of 
the Carboniferous was far south of 
Montceau. How, then, does one explain 
the presence of marine animals at 
Montceau and in the Massif Central? 
One possible answer is that the lakes 
were salty, the residue of epicontinen
tal seas that had submerged the re
gion before the sea level dropped. 

The Montceau fossils show clear evi
dence of a marked change in climate 
during the period they span. Compari
son with contemporaneous deposits 
elsewhere indicates this was not a 
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lANDMASSES lay well south of their modern positions during 
the Upper Carboniferous and were gathered into two proto
continents: Laurasia (which later split into North America, 
Europe and much of Asia) and Gondwana (Africa, Antarctica, 
Australia, India and South America)'_ At the time, Mazon Creek 
(1), Montceau-les-Mines (2), the Saar Basin (3), Great Britain (4) 
and Bohemia (5)-all of them present-day fossil sites-lay near 
the Equator_ Mazon Creek was closer to Europe than it is today, 

which explains why its fauna resembles the fauna found in 
Europe_ The discovery at Montceau of a new euthycarcinoid 
species, Sottyxerxes multiplex (left), led workers to reexamine 
Mazon Creek fossils and to recognize the presence of the re
lated species Sottyxerxes piekoae (right) there_ The map shows 
China split into northern and southern blocks; an alternate 
theory, recently espoused by paleobotanists, holds that the 
blocks had fused long before, during the Lower Carboniferous. 

local or regional phenomenon. The 
fossil evidence at Mazon Creek tells 
virtually the same story. This site pre
serves an estuarine environment simi
lar to Montceau and contains outcrops 
dating from the Westphalian epoch 
(somewhat earlier than the oldest 
beds at Montceau) up to the early 
Permian. Fossils from similar sites in 
Great Britain, Bohemia and the Saar 
Basin in Germany also support this 
scenario of changing climate. 

W
hy do localities so distant 
from one another today share 
similar fossil life-forms? If 

one plots these sites on a paleogeo
graphic map showing the position of 
the continents at the end of the Car
boniferous period, the reason be
comes obvious. At that time Europe, 
North America and much of Asia were 
joined in a single landmass, which 
geologists call Laurasia. A narrow sea, 
the Tethys, separated Laurasia from 
Gondwana, a vast proto continent con
sisting of the future southern conti
nents. There was no Atlantic Ocean 
and therefore Mazon Creek was much 
closer to Europe than it is now; more-

over, the sites lay near the Equator. 
These factors account for the climatic 
Similarity of their fauna. 

Laurasia and Gondwana have since 
drifted apart and broken up into the 
modern continents. Europe and North 
America became separated by the At
lantic Ocean. Most important, the con
tinents migrated northward (except 
for Australia and Antarctica, which 
drifted southward). Consequently the 
Equator was no longer in Laurasia but 
in Gondwana; during the Permian it 
was already south of Mazon Creek, the 
Massif Central, the Saar Basin and Bo
hemia. This history explains the cli
matic evolution seen at Montceau. 

Montceau has now been established, 
together with Mazon Creek and the 
Bohemian sites, as a typical reference 
site for the paleontology of Laurasia at 
the Permocarboniferous limit, but 
much remains to be done. The attic of 
the Natural History Museum in Autun 
is filled with cases holding thousands 
of unopened nodules. Study of the 
material will yield a precise picture of 
the local conditions of life and fossil 
deposition and help to specify the 
anatomical details needed to trace the 
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evolution of various species-infor
mation that is badly needed for this 
period in earth history. The investiga
tors may find animals known from 
other sites but new to Montceau; these 
would add to knowledge of paleogeog
raphy. Each discovery will add yet an
other piece to the picture of the evolu
tion of life on this planet. 
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Plasma-sprayed Coatings 
The hot, high-speed flame of a plasma gun can melt a powder 
of almost any ceramic or metal and spray it to form a coating 

for protection against corrosion, wear or high temperature 

In 1970 a student project I was 
supervising led to a happy acci
dent. The student's assignment 

was to study the properties of alumi
num oxide, a refractory (heat-resis
tant) ceramic, that had been melted 
and rapidly solidified. He faced two 
challenges: heating the substance to 
well above its melting temperature of 
about 2,000 degrees Celsius and then 
cooling it very rapidly. For a heat 
source he turned to the plasma gun, a 

device that had been invented in the 
1950's and had served in industry for 
melting and forming deposits of met
als and ceramics. In order to solid
ify the aluminum oxide quickly he 
planned to spray a thin layer of the 
molten material on a cool substrate. 

The strategy worked in every detail 
but one. When powdered aluminum 
oxide was introduced into the hot, 
high-velocity flame of a plasma gun, it 
melted and was propelled onto a tar
get of steel that had been roughened 
to hold the deposit as it accumulated. 
There it quickly cooled into a solid 
coating. At the time, however, we 
wanted to study the properties of the 
ceramic alone, free of any substrate. 
Yet the ceramic turned out to be im
possible to remove, even with a chisel! 
We had stumbled on plasma-sprayed 
coatings, an existing but largely unde-. 
veloped technology. 

HERBERT HERMAN is professor of rna· 
terials science at the State University of 
New York at Stony Brook. He earned his 
doctorate from Northwestern University 
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at the University of Paris (Orsay) as a 
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at the Western Electric Company and as 
a liaison scientist at the Office of Naval 
Research in London. Herman is editor
in-chief of Materials Science and Engi
neering and chairman of the thermal
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by Herbert Herman 

Since then my laboratory and many 
others have been studying this coating 
technique intensively. My students 
and I now plasma-spray coatings of 
ceramics, metals and even polymers; 
we do so in air, in a vacuum and even 
under water, from hand-held guns 
and guns mounted on electronically 
controlled robot arms. The laborato
ry activity mirrors the wide variety 
of industrial applications that have 
emerged. In aircraft engines plasma
sprayed metallic coatings protect tur
bine blades from highly corrosive en
vironments, and plasma-sprayed ce
ramics insulate other engine parts 
from high temperatures. Plasma
sprayed coatings are also found in 
internal-combustion engines, in pow
er plants, in .industrial machinery and 
in many other areas where technology 
places extreme demands on materials. 
As those demands increase and as 
theoretical and practical mastery of 
plasma spraying grows, the realm of 
applications is certain to expand. 

Plasma spraying is by no means the 
only way to apply a protective coat
ing; the alternatives range from pro
cedures as simple as galvanizing to 
more sophisticated techniques such 
as vapor depOSition, in which the coat
ing material is vaporized and allowed 
to condense onto the substrate atom 
by atom. But plasma spraying can melt 
·and apply a variety of materials, in
cluding refractory ceramics, at a high 
rate (in some cases more than 50 
pounds per hour). The technique also 
carries much less risk of degrading 
the coating and substrate than many 
other high-temperature processes do, 
because the gas in the plasma flame is 
chemically inert and the target can be 
kept fairly cool. And yet a plasma gun 
can be only a little more cumbersome 
than a paint sprayer. 

Plasma spraying has evolved in 
many details since 1970, but the 
basic design of the plasma gun 

has changed little. It consists of two 
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electrodes: a cone-shaped cathode in
side a cylindrical anode, which ex
tends beyond the cathode to form a 
nozzle. An inert gas-usually argon 
with an admixture of hydrogen-flows 
through the space between the elec
trodes, where it is ionized to form a 
plasma. A tube directs powdered coat
ing material into the jet of plasma that 
d�velops in the nozzle. Water circu
lates through passages in the anode 
and the cathode to prevent the fierce 
heat from melting them. 

The gun begins operating when a 
pulse of current creates an arc (an 
electrically conducting channel in a 
gas) across the gap between the elec
trodes. A steady direct current of 
many hundreds of amperes at a poten
tial of 50 volts or so then sustains the 
arc. As the arc forms, electrons are 
torn from the atoms of gas; the elec
trons and the positive ions they leave 
behind are accelerated toward the 
anode and the cathode respectively. 
These rapidly moving particles collide 
with other, neutral atoms or mole
cules in the gas, dissOCiating any mol
ecules into their constituent atoms 
and ionizing the atoms. In this way the 
gas within the arc is transformed into 
a collection of ions and energetic elec
trons: a plasma. The stream of gas that 
flows between the electrodes stretch
es the arc, so that in its course from 
one electrode to the other the arc 
loops out of the nozzle of the gun as a 
plasma flame. 

Most of the electric power con
sumed by the gun-typically from 
20,000 to 80,000 kilowatts-initially 
flows into the freed electrons in the 
plasma rather than into the positive 
ions. In tenuous plasmas, such as the 
glowing gas in a neon sign, collisions 
between the energetic electrons and 
the slow-mQving positive ions are rare 
and little energy is transferred. The 
positive ions remain sluggish and the 
plasma, even though it is energetic, 
stays cool. The plasma of a plasma 
gun, however, is about 1,000 times 

" 
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denser than the low-pressure plasma 
�n a neon tube. Frequent collisions 
transfer energy from the electrons to 
the positive ions, accelerating them 
until the plasma reaches a kind of 
equilibrium. The result is a thermal 
plasma, in which the energy of the 
electrons has been turned into enthal
py, or heat content. A high enthalpy is 
associated with a high temperature; in 
a plasma gun the temperature can 
approach 15,000 degrees C. 

In addition to the enthalpy reflected 
in its high temperature, the plasma 
contains enthalpy associated with the 
ionization of the gas atoms and (a 
necessarY first step for some gases) 
the dissociation of molecules into 
their constituent atoms. A plasma of 
hydrogen, whose molecules must be 
dissociated into their two atoms be
fore they can be ionized, has a higher 
enthalpy at a given temperature than a 
plasma of argon, in which the atoms 
are independent to start with. Thus 
hydrogen added to the argon in a 
plasma gun increases the heat content 

of the flame, and hence the gun's pow
er and its ability to melt refractory 
materials. 

The high temperature of the plas
ma generates high pressure, which is 
supplemented by two effects relat
ed to the plasma's electrical conduc
tivity. Near the water-cooled walls of 
the anode the plasma gives way to a 
sheath of cooler gas that is not ionized 
and so is not conductive. The non
conductive layer narrows the plasma 
channel by forcing toward the center 
of the orifice the electric field lines 
that loop through the plasma from 
electrode to electrode. This so-called 
thermal pinch effect is supplemented 
by a magnetic pinch. The electric field 
threading the jet of plasma is accom
panied by a magnetic field, which en
circles and constricts the jet. Together 
these pinch effects increase the pres
sure, temperature and velocity of the 
plasma. Depending on the geometry 
and power of the gun and the flow of 
gas, the plasma flame can reach s·uper
sonic speeds. 

The powdered coating material, car 
ried in a stream of gas such as argon, 
is injected into the flame either within 
the nozzle or as it emerges from the 
outer face of the anode. What happens 
next, provided conditions are right, is 
simple in outline. The flame acceler
ates the particles, and they are melted 
by its high temperature, probably sup
plemented by heat given off as ions 
recombine and molecules reassociate 
on the surface of the particles. The 
molten droplets are propelled onto 
the target surface, where they solidify 
and accumulate to form a thick, tena
ciously bonded protective coating. 

For the process to succeed, however, 
a number of delicately balanced crite
ria must be satisfied. The particles 
must take enough heat from the hot
test part of the flame-near the anode 
face-to melt thoroughly, but not so 
much that they overheat and vaporize. 
At the same time the droplets cannot 
linger in the flame; they must be trav
eling fast enough" to flatten and spread 
out when they strike the target, flow-

PLASMA FLAME coats copper disks with tungsten to make 
X-ray-machine "targets," which release X rays on being bom
barded with electrons. An electric arc in the plasma gun gen
erates the flame by ionizing argon gas, converting it into a 
plasma. The tungsten powder is injected into the flame at the 

nozzle of the gun, where the ions and electrons of the plasma 
are recombining. The flame, at a temperature of nearly 15,000 
degrees Celsius, melts the particles and propels them onto the 
target. In this case spraying is taking place in a low-pres
sure, oxygen-free atmosphere to avoid degrading the metals. 

SCIENTIFIC AMERICAN September 1988 113 
© 1988 SCIENTIFIC AMERICAN, INC



ing into crevices and tightly gripping 
the surface. 

A broad array of variables affect 
particle heating and acceleration. The 
heat content and velocity of the plas
ma flame play a critical role; they re
flect such characteristics of the gun as 
its geometry and power level together 
with the composition and flow-rate of 
the plasma gas. How effectively a giv
en flame melts and accelerates the 
powder in turn depends on the kind 
of coating material and the size and 
shape of the particles. For a given 
coating material and gun there is an 
optimum particle size. Particles much 
smaller than the ideal will overheat 
and vaporize; much larger particles 
will not melt and may fall from the 
flame or rebound from the target. 

The way the particles are fed into 
the flame also affects their melting 
and deposition. The pressure of the 
carrier gas must be adjusted to blow 
the particles into the flame but not 
through it. The angle of injection is 
critical as well: downwind injection 
minimizes the disruption of the flame 

by the influx of particles and increases 
their velocity, whereas injection in the 
upwind direction gives the powder 
more time to take heat from the flame. 

If the spraying is done in air, the 
particles begin to cool and slow down 
as they collide with air molecules after 
leaving the plasma flame. One more 
factor in the coating process, then, is 
simply the distance from the gun to 
the surface to be coated, which typi
cally varies between five and 10 centi
meters for spraying in air. 

Until recently manipulating these 
variables-and many others-to pro
duce a high-quality coating was at 
best a matter of informed guesswork. 
Now, in an effort to develop a theoret
ical foundation for designing plasma
spray systems, fundamental studies 
of the interaction of particles and the 
plasma flame are under way at various 
laboratories. At the University of li
moges, for example, Pierre Fauchais 
and his colleagues have carried out 
extensive studies of gas and particle 
velocities in the jet. These investiga
tions and others like them rely on 

laser Doppler techniques, in which the 
frequency shift of laser light reflected 
from the moving particles serves as a 
measure of their velocity. 

To study the velocity of the gas 
itself, the Limoges group "seeded" the 
flame with very small particles of alu
minum oxide, about three microme
ters (millionths of a meter) in diame
ter. Such particles presumably acceler
ate rapidly and have little effect on the 
flow of gas, and so they can serve as 
reliable markers of gas behavior. By 
probing the seeded flame with a laser, 
the workers found it emerged from 
their gun at about 600 meters per 
second (almost twice the speed of 
sound) but then slowed continuously. 

The group also studied particles 
with sizes of between 18 and 46 mi
crometers-a size range typical of 
many coating materials. The workers 
noted that larger particles responded 
more slowly to the accelerating gas 
and reached lower maximum veloci
ties. On the other hand, all the parti
cles, once accelerated, lost speed more 
slowly than the gas itself. At about 

PLASMA GUN ionizes a stream of gas and injects powdered 
coating material into the resulting flame. An inert gas (red), 
mostly argon, flows through the space between a conical 
cathode and a ring-shaped anode. There the gas is ionized by 

an are, sustained by a powerful direct current. The result
ing plasma jets out through the nozzle and sweeps up pow
dered spray material fed by a carrier gas (brown). Cooling water 
(blue) circulates through the gun to prevent it from melting. 
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seven centimeters from the gun noz
zle the lS-micrometer particles had 
reached a maximum velocity of 260 
meters per second, and they were still 
traveling more than 200 meters per 
second at 15 centimeters. 

When the initial fast-moving 
droplets of coating materi
al arrive at the target, they 

strike a surface that has usually been 
roughened beforehand by machining, 
grit blasting or abrasion. They solidF 
fy into the microscopically tortuous 
shape of the roughened surface, lock
ing onto its irregularities. Particles 
continue to rain down at a rate of 
perhaps a million per second, accumu
lating into a coating at a rate that 
depends on the area to be covered and 
how fast the gun moves over the sur
face. To understand the process better 
we studied single "splats"-solitary 
droplets that have solidified on a sur
face-and complete coatings under 
the microscope. We relied on trans
mission electron microscopy for ex
amining the internal structure of par
ticles and coatings; scanning electron 
microscopy revealed overall shapes 
and textures. 

Transmission electron micrographs 
of single splats showed that their in
ternal structure-a mosaic of crystal
line grains-contains many flaws, sug
gesting that each particle solidifies 
extremely quickly, in perhaps a mil
lionth of a second. From the orienta
tion of the grains and the overall 
shape of the splats, we developed a 
description of the process. As the im
pacting droplet flattens out on the 
surface, the substrate acts as a heat 
sink, and a solidification front moves 
upward through the splat. A low 
mound of solidified material forms 
and the remaining melt spills off it, 
finally hardening into a raised rim. 

The result of this process, repeated 
many millions of times, is a layer of 
material that can range in thickness 
from 10 micrometers to many centi
meters-a deposit thick enough to be 
removed from the substrate and em
ployed as a bulk material. Ordinar
ily, however, the substrate has been 
roughened and the coating is firmly 
anchored to it by mechanical bonding. 
Other processes that are less well un
derstood can also anchor plasma
sprayed coatings. Some coatings form 
chemical bonds with their substrates, 
and metallic coatings can establish 
a bond as the heat of plasma spraying 
(the workpiece can reach 200 degrees 
C. unless it is cooled with jets of air) 
enables atoms of the coating and the 
substrate to interdiffuse. 

PARTICLE 
/- SPRAY BEFORE '--... // 

IMPACT ;/ DIRECTION 

I 

/ 
/ 

/ 

SPLAT results when a microscopic droplet of molten coating material strikes a 
surface, flattens out and solidifies. The author and his colleagues studied single 
splats by scanning and transmission electron microscopy. From the shape and 
orientation of the internal crystalline grains they concluded that as a splat solidifies, 
heat is lost to the substrate beginning at the center, which strikes the surface first. A 
solidified core forms, and remaining melt spills off it and hardens into a raised rim. 

VOID 

UNMELTED 
PARTICLE 

SUBSTRATE 

/ 

BUILDUP of a plasma· sprayed coating is a chaotic process. Molten particles spread 
out and splatter as they strike the target, at first locking onto the irregularities of the 
roughened surface and then interlocking with one another. Voids result as the 
growing deposit traps air. In some cases particles overheat in the flame and be
come oxidized; other particles may not melt and simply get embedded in the deposit. 
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The forces holding together the in
dividually solidified splats in the coat
ing are the subject of intense investi
gation. It is certain that successive 
splats interlock mechanically, at least. 
In metal coatings interdiffusion may 
also take place, and in some ceramic 

coatings an analogous process called 
sintering can unify the deposit. �iCrOgraPh showing the surface 

of a plasma-sprayed deposit in
tended to serve as a high-per

formance coating can be dishearten-

CERAMIC COATING of plasma-sprayed aluminum oxide is enlarged about 2,500 times 
in a scanning electron micrograph. Spatters from impacting droplets have solidi
fied on the surface, which is webbed with cracks formed as it cooled and contract
ed. Such preexisting cracks can toughen ceramic coatings by arresting the growth 
of other cracks that develop when these brittle materials are subjected to strain. 

CROSS SECTIONS of plasma·sprayed coatings reflect the spray environment. These 
two optical micrographs show coatings of the same material, enlarged some 100 
diameters: an alloy of cobalt, chromium, aluminum and yttrium, sprayed on steel 
in air (left) and in a vacuum (right). The coating sprayed in a vacuum (actually a 
low-pressure atmosphere of an inert gas) is much denser and more homogeneous 
than the coating sprayed in air, which contains voids and oxidized patches. In a 
vacuum the droplets travel faster and spread out more thoroughly when they strike 
the surface; in addition there is no air to be trapped in the coating or to react with it. 

PISTON CAP, shown is cross section, is clad in a 2.5-millimeter-thick coating of 
plasma-sprayed ceramic. The ceramic, an alloy of zirconium oxide and yttrium oxide, 
is a thermal-barrier coating: it acts as an insulator, allowing the engine's operat· 
ing temperature to be raised while protecting the underlying metal of its compo
nents. A higher operating temperature is thought to increase an engine's efficiency. 
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ing. Ceramic coatings in particular re
veal a multitude of flaws. They are 
riddled with cracks formed as the ce
ramic cooled and are honeycombed 
with voids filled with air trapped in 
the deposit. Such flaws can doom a 
coating exposed to mechanical stress. 
If they extend all the way through the 
coating, they also make it useless for 
protection against corrosion. 

Strangely, it is porosity that suits 
plasma-sprayed ceramic coatings to 
one of their most important appli
cations: as thermal-barrier coatings, 
which are insulating coatings for met
al parts exposed to very high tempera
tures in gas turbines and other kinds 
of engines. For one thing, porosity 
increases a ceramic's insulating abil
ity. Moreover, because a ceramic is 
brittle in the first place, pores do 
not weaken the material but instead 
toughen it by interrupting the propa
gation of the cracks that inevitably 
form as the material is strained. They 
thereby give thermal-barrier coatings 
the ability to survive the mechanical 
stress that results from repeated ex
posure to high temperatures in the 
combustion section of an engine. 

The function of a thermal-barrier 
coating, in fact, is to allow those tem
peratures to be raised still higher. The 
efficiency of any heat engine increas
es as its combustion temperature is 
raised. Yet aircraft turbine engines, for 
example, already function at tempera
tures that approach the operational 
limits of the superalloys from which 
combustion chambers, blades for 
turbines and other high-temperature 
parts are made. One way to exceed the 
apparent barrier is to replace the met
al parts with components made of 
refractory ceramics, but the brittle
ness of ceramics and the difficulty of 
making high-quality ceramic parts 
have hampered this strategy. 

By acting as a thermal insulator, on 
the other hand, a surface layer of ce
ramic a quarter of a millimeter or 
more in thickness can protect an en
gine's metal parts when its operating 
temperature is raised. Thermal-barri
er coatings, usually made of oxides 
based on zirconium, are now found in 
the combustion sections of aircraft 
engines, marine gas turbines and 
large, stationary gas turbines that gen
erate electric power� The piston caps, 
cylinder liners and exhaust ports of 
large diesels powering trucks, boats 
and locomotives have also been plas
ma-sprayed with ceramics to raise the 
engines' operating temperature and, it 
is hoped, their efficiency. 

Service in an engine means repeated 
cycling between room temperature 
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and perhaps 1,000 degrees C, result
ing in strains that are compounded by 
a drastic difference in the rates at 
which the ceramic and the underlying 
metal expand or contract with temper
ature changes. Crack-stopping voids 
enable a thermal-barrier coating to 
survive this regimen. By retaining lu
bricants, pores also benefit some plas
ma-sprayed coatings designed to pro
tect against wear, such as the layer of 
aluminum-titanium oxide with which 
many piston rings are clad. Such voids 
can be fatal, however, to many wear
resistant metallic coatings and coat
ings meant to prevent their substrate 
from corroding or oxidizing. 

One way to achieve a void-free coat
ing is to spray it in a chamber from 
which air is excluded, leaving only a 
low-pressure atmosphere of the plas
ma gas. In such "vacuum" plasma 
spraying no air can be trapped in the 
coating, so that one source of voids is 
eliminated; in addition the droplets, 
unhampered by air resistance, are de
posited at higher velocities than they 
are in air and so spread flatter and 
thinner when they strike the surface. 
As a result vacuum plasma spraying 
yields a dense, void-free coating. The 
technique also makes it possible to 
plasma-spray metals such as zirco
nium, titanium and niobium, which 
would oxidize if they were heated in 
air, and to heat oxidation-sensitive 
metallic coatings and substrates so 
that they can bond by interdiffusion. 

One widespread use of vacuum 
plasma spraying is producing the thin 
coatings of metal, generally only .08 
millimeter in thickness, that protect 
turbine blades from oxidation. Such 
coatings, usually made of a complex 
alloy of nickel, cobalt, chromium, alu
minum and yttrium, also serve as a 
first layer on many engine compo
nents that later are given ceramic ther
mal-barrier coatings. In that role they 
are known as bond coats, and besides 
protecting the metal part from oxida
tion they absorb some of the strain 
that results from the mismatch be
tween the thermal-expansion rates of 
the part and the ceramic coating. 

U'ke any simple and versatile tech
nique, plasma spraying is giving 

rise to numerous variants and 
refinements. Plasma-spray equipment 
has been one focus of development. 
Workers in Czechoslovakia have pro
duced high-powered (250-kilowatt) 
guns, meant for spraying material at a 
very high rate, in which water swirls 
around the internal diameter of the 
nozzle to cool it and constrict the 
flame. Plasma-Technik Sulzers AG in 

ROBOT ARM (orange) holds a plasma-spray gun (blue) in position to apply a ceramic 
thermal·barrier coating to an aircraft-engine component; the four silvery nozzles 
direct jets of cool air at the metal to prevent it from overheating while it is treated. 
Plasma spraying has found its widest industrial application in the aircraft indus
try. The photograph was made at Plasma-Technik Sulzers AG in Wohlen, Switzerland. 

Wohlen, Switzerland, has developed 
automated systems that can intricate
ly manipulate the gun and the work
piece in order to coat complex shapes 
such as turbine blades. Recently the 
Metco division of the Perkin-Elmer 
Corporation in Westbury, N.Y., devised 
a gun that has a movable cathode, 
which makes it possible to adjust the 
power of the gun by varying the char
acteristics of the arc instead of by 
adding a secondary plasma gas, such 
as hydrogen. Manufacturers have also 
introduced mechanisms that feed sev
eral different powders into a gun and 
can gradually substitute one powder 
for another as the spraying proceeds 
in order to produce a coating whose 
composition and properties change 
across its thickness. Some workers 
are even experimenting with a plasma 
gun of a radically different deSign, 
in which a rapidly alternating electric 
field generated by a radio-frequency 
coil replaces the arc as the plasma 
source. These so-called RF plasmas do 
away with electrodes and the possibil
ity of contaminating the coating with 
material eroded from them. 

Investigators are also applying the 
technique to new materials. The Gen
eral Electric Company is using vacuum 
plasma spraying to make freestanding 
components: intricate aircraft-engine 
parts formed by plasma-spraying a 
superalloy on a removable substrate. 
Other workers spray ceramic particles 
or fibers and a metal powder simulta
neously to produce a strong, stiff com
posite material: the ceramic particles 

dispersed in a matrix of metal. In a 
joint program with workers at the U.S. 
Naval Research Laboratory and Metco, 
my colleagues and I have fabricated a 
thick film of high-temperature super
conductor by plasma-spraying the 
compound in the form of a powder-a 
strategy that could play an important 
role in the manufacture of future su
perconducting devices. 

At the same time we and other in
vestigators continue to extend our 
grasp of the underlying phenomena: 
the plasma flame, the encounter be
tween the plasma and the powdered 
coating material, the depOSition, solid
ification and buildup of the material, 
and the behavior of coatings in their 
intended environments. By achieving a 
good theoretical grounding we can 
hope to continue creating plasma
sprayed coatings to satisfy the most 
stringent requirements of industry. 

FURTHER READING 
A QUARTER OF A CENTURY OF PLASMA 

SPRAYlNG. j. H. Zaat in Annual Review 
of Materials Science, Vol. 13, pages 9-

42; 1983. 
PLASMA METALLURGY: THE PRINCIPLES. 

V. Dembovsky. Elsevier North·Holiand 
Publishing Co., 1985. 

FUNDAMENTAl_S OF PLASMA CHEMISTRY & 
TECHNOLOGY. Herman V. Boenig. Tech
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FUNDAMENTAL STUDIES ASSOCIATED 
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E. pfender in Surface & Coatings Tech
nology, Vol. 34, No.1, pages 1-14; Jan
uary, 1988. 
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The Discovery of 
the Visual Cortex 

Soldiers who suffered head wounds in the Russo-Japanese War were 
among those who contributed to the identification of the brain's 

visual center and the first description of its organization 

�erson who has perfectly healthy 
eyes can be blinded by damage 

to the back of the brain. The 
reason is simple: the rearmost (occipi
tal) lobes of the two hemispheres that 
constitute the cerebrum (the upper
most part of the brain) form a major 
center for vision. They contain what is 
known as the primary visual cortex. If 
this cortex is destroyed, the brain will 
not be able to detect the vast majority 
of the visual signals transmitted from 
the eyes. 

The explanation may be simple, but 
the fact that a discrete part of the 
cerebral cortex (the sheet of gray mat
ter that covers the cerebrum) is devot
ed to vision was far from easy to 
uncover. Indeed, the process of dis
covery spanned more than a centu
ry. The history leading to the identifi
cation of the primary visual cortex 
is fascinating in its own right, mix
ing ingenuity, astute observation, folly 
and failure. It is also important for 
what it led to: an ever increasing un
derstanding of how the brain func
tions and how people see. 

When a person looks at something, 
light coming from the object produces 
a scaled-down image of the object on 
the retina: the array of photoreceptors 
and connected nerve cells at the back 
of the eye. The retina translates the 
image into nerve impulses, which are 

MITCHELL GLICKSTEIN is professor of 
neuroscience at University College Lon
don and is on the external scientific 
staff of the Medical Research Council. 
He earned a doctorate in experimental 
psychology from the University of Chi
cago in 1958 and held positions at the 
California Institute of Technology, the 
Stanford University School of Medicine, 
the University of Washington School of 
Medicine and Brown University before 
moving to London. 

by Mitchell Glickstein 

carried over the cablelike optic nerve 
to the brain [see illustration on page 
122]. The primary targets of this nerve 
are two collections of nerve cells deep 
in the brain called the lateral genic
ulate ("kneelike") bodies. The optic 
nerve transmits visual signals from 
the right side of the visual field to 
the lateral geniculate body in the left 
hemisphere, and it transmits signals 
from the left side of the visual field to 
the right hemisphere. 

The lateral geniculate bodies then 
relay the signals to the occipital lobe 
on the same side of the brain, and 
speCifically to the primary visual cor
tex, which does an initial analysis of 
the image and transmits selected in
formation about it to other regions of 
the brain. Those regions in turn ana
lyze the information further, interpret 
it and make use of it to control the 
movements of the eyes or limbs. 

The path leading to the discovery 
of the primary visual cortex be
gan in the late 1700's-about 50 

years before the cell was recognized 
as the basic structural and functional 
unit of plants and animals, and more 
than 1 00 years before the speCialized 
properties of nerve cells (the build
ing blocks of the brain and the spinal 
cord) were described. Lacking such 
knowledge of cells, investigators in 
the late 18th century had little con
cept of how the brain functions, but 
they had made good headway in de
scribing its general appearance. 

For example, in 1783 the Scottish 
anatomist Alexander Monro IT pub
lished a textbook that accurately (and 
beautifully) showed the major subdi
visions of the brain, including the gray 
cortex of the cerebrum and the under
lying white matter. Nevertheless, the 
cortex was depicted as a uniform 
sheet of gray without any substruc-
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ture. Today the cortex is known to be 
divided into layers, each of which dif
fers in the type of nerve cells it con
tains and the packing of both cells and 
nerve fibers: the long, signal-carrying 
"axons" that extend from cell bodies. 

The image of a featureless cortex 
became outdated at about the same 
time Monro's text was published. Sev
en years before the book appeared, an 
Italian medical student at the Univer
sity of Parma named Francesco Gen
nari began a detailed study of the 
brain. Gennari, who was just 24, hard
ened brains with ice, examined the 
surface features and then cut and dis
sected the specimens in order to de
scribe both superficial and deep struc
tures. He published his observations 
in a 1782 monograph titled De Pe
culiari Structura Cerebri, printed by 
the famed publisher and typographer 
Giambattista Bodoni. 

In his book, which at the time was 
relatively obscure, Gennari noted that 
the cortex is not uniform. Rather, the 
gray matter is divided by a whitish 
layer-a line in cross sections-that 
parallels the surface of the brain. 

RUSSO·jAPANESE WAR of 1904-5, de
picted in this 1904 woodcut, contributed 
indirectly to the understanding of hu
man vision. During the war a japanese 
physician named Tatsuji Inouye exam
ined japanese soldiers (right) who had 
bullet wounds to the head and correlat
ed the site of injury with the patient's 
visual losses. He thereby determined 
how different parts of the visual field 
are mapped onto the main vision center 
of the brain: the primary visual cortex. 
Inouye's studies were possible because 
the Russians had introduced rifles that 
used smaller, faster bullets. These pen
etrated the skull without shattering it, 
allowing many soldiers to survive their 
injuries and to cooperate with Inouye. 
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He was surprised. As he put it: 
,"None of the anatomists I happened 
to read have taught that in addition 
to the cortical and medullary sub
stance there is in the brain anoth
er substance which I am accustomed 
to call the third substance of this or
gan." (The "medullary" material is the 
white matter under the cortex, which 
is now known to consist primarily of 
nerve fibers sheathed in a whitish sub
stance known as myelin. The "third 
substance," Gennari's stripe, probably 
consists of myelinated axons as well, 
ones that transmit signals within the 
occipital lobe.) 

In addition to discovering the mye
linated stripe that bears his name, and 
hence recognizing that the gray mat
ter is subdivided, Gennari also real
ized that the cortex looks different in 
different regions of the brain. In par
ticular, he found that the white line, 
which sometimes appears "as a single 
stripe, sometimes [as] two indepen
dent parallel stripes," is difficult to see 
in sections of the front part of the 
brain but "can be detected more and 
more clearly in the posterior part"
specifically in the region that is now 
known to be the primary visual cortex. 
A footnote indicates that Gennari first 
saw the stripe on February 2, 1776. 

Thus, working with the simplest of 

tools, well before new staining meth
ods opened the way to the microscop
ic study of the brain, Gennari initiated 
the field of cerebral architectonics: the 
study of regional differences in corti
cal structure. Yet because he. was not 
well known, his role in the discovery of 
the variable white stripe in the brain 
was not widely acknowledged until a 
century later. 

Meanwhile two others claimed, or 
were credited with, the stripe's identi
fication. Samuel Thomas Soemmering, 
professor of anatomy at the University 
of G6ttingen, insisted that he had de
scribed the band four years before 
Gennari had, in a book published in 
1778. Soemmering had indeed men
tioned a stripe in his book, but he 
described it as yellowish and placed it 
in the cerebellum, where there is no 
such stripe. What Soemmering saw 
was probably either one of the layers 
in the gray matter covering the cere
bellum or an artifact of the method he 
employed to examine the brain. 

In spite of Soemmering's claim, 
credit for the discovery of the stripe 
usually went to the eminent French 
anatomist Felix Vicq-d'Azyr, In 1786, 
four years after Gennari's monograph 
appeared, Vicq-d'Azyr described the 
white line and its location in his mas
sive and beautiful Traite d'Anatomie. 

Because of the Frenchman's promi
nence, the line came to be known as 
the stripe of Vicq-d'Azyr. Not until 
1882, when the Austrian anatomist 
Heinrich Obersteiner reviewed the 
dates of Gennari's and Vicq-d'Azyr's 
contributions, was the band rechris
tened the stripe of Gennari. 

Gennari is now one of the most cited 
anatomists of all time, yet his name is 
for the most part unfamiliar to the 
people of the city he lived in and even 
to most scholars at the university 
where he made his discovery. More
over, until I became a visiting profes
sor at the University of Parma in 1983 
little had been written about his life. 
Because of the paucity of information, 
I collaborated with Giacomo Rizzolatti 
of the university's Institute of Human 
Physiology to learn more about Gen
nari's personal history. 

We found that he was born some 25 
kilometers from Parma, in  the tiny 
village of Mattaleto, which is in the 
foothills of the Apennines. After fin
ishing medical school in 1776 and 
earning a place in the College of PhYSi
cians, he established a medical prac
tice and pursued the anatomical stud
ies that led to his book. A year after the 
book was published, he was granted a 
stipend to continue his research at the 
university, but he published nothing 
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BASIC PATH of visual signals through the brain is shown from 
the side (a) and from below (b). The retina of the eye converts 
light from an observed object into nerve impulses and relays 
them by way of the optic nerve to a collection of nerve cells 
deep within the brain called the lateral geniculate body. From 
there the impulses travel to the primary visual cortex, which 
is in the occipital, or rearmost, lobe of each hemisphere. Sig
nals from the right side of the visual field (yellow) go to the oc-

cipital lobe of the left hemisphere, and signals from the left 
side of the field (9reen) go to the right hemisphere. The pri
mary visual cortex (blue in details) constitutes a fraction of 
the cerebral cortex (the convoluted sheet of gray matter that 
blankets the hemispheres). It consists of a small part of the 
outermost surface of each occipital lobe (c) and a much larger 
part of the medial surface (d)-the inner surface, facing the 
opposite lobe-including a groove called the calcarine fissure. 

else. Gennari died, impoverished and 
ill, at the age of 45, after years of 
trouble and misery brought on in part 
by compulsive gambling. 

Before he lost his way in life, Gen
nari was a remarkably astute scientist. 
He realized that the structural varia
tions he had found in the cortex prob
ably reflected differences in function, 
but he had no way of knowing what 
those functional differences might be. 

S erious experiments into cortical 
function began not long after the 
publication of Gennari's mono-

graph. In the typical experiment inves
tigators produced lesions in the brain 
of animals and studied the resulting 
deficits. These experiments, combined 
with the observations of the deficits 
found in human beings who had suf
fered brain damage, led by 1850 to the 
recognition that the cerebral cortex is 
essential for normal movement, sen
sation and thought. 

Nevertheless, there was as yet no 
compelling evidence for making the 
next crucial connection, namely the 
realization that specific lesions lead to 
specific functional deficits. In fact, the 
very idea of cortical localization was 
given a bad name by a pseudoscientif
ic fad known as phrenology, which 
started in the first half of the 19th 
century. Franz Joseph Gall, a promi
nent anatomist who worked in Vienna 
and later in Paris, taught that the brain 
is composed of as many individual 
regions as there are psychological fac
ulties. He argued that the shape of the 
skull reflects the form of the brain 
under it, and that personality and 
character traits-such as cruelty and a 
love of food-can be evaluated by pal
pating the head. Gall's disciple Johann 
Spurzheim expanded the scheme and 
attracted some support from physi
cians as well as an enthusiastic popu
lar following. 

Such experimental evidence as there 
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was in the first half of the 1800's 
seemed to point away from localiza
tion. For example, the French physiol
ogist Pierre Flourens reported that a 
lesion in the forebrain of animals re
sulted in a mixture of effects; a sin
gle lesion might leave an animal with 
sensory deficits, difficulty understand
ing what it saw and felt, and difficul
ty initiating movement. He therefore 
concluded that sensation, perception 
and volition cannot be separated, that 
whatever controls them is diffused 
throughout the cortex. "Unity is the 
great principle, it is everywhere, it 
dominates all," he announced. "The 
nervous system therefore forms one 
unitary system." Sensible opinion fa
vored Flourens. 

In the third quarter of the 19th cen
tury three discoveries finally made 
the concept of localization attractive 
once again. In 1861 the French physi
cian Pierre Paul Broca reported that a 

lesion in the left fro ntal lobe of one 
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of his patients resulted in a perma
. nent speech disorder. A few years lat
er John Hughlings Jackson, a London 
neurologist, described a type of epi
leptic seizure that begins with a rhyth
mic movement of one body part and 
then spreads to neighboring regions 
in a definite sequence. The pattern 
was suggestive of a brain organization 
in which adjacent brain regions con
trol adjacent parts of the body. 

Then in 1870 the German physiolo
gists Gustav Theodor Fritsch and Ed
uard Hitzig did an experiment that 
was arguably the single most impor
tant factor in initiating new investi
gations of cortical localization. They 
electrically stimulated discrete areas 
of cortex in the frontal lobe of a dog 
and found that the stimulus produced 
the movement of a limb or some other 
body part on the opposite side of the 
body. The surgical removal of an area 
whose stimulation had resulted in 
movement in a limb made the animal 
clumsy when moving the same limb. 
Interpretations of this experiment var
ied, but one reasonable explanation 
held that in spite of earlier claims to 
the contrary at least one part of the 
cortex is specialized for the control of 
a speCific function: movement. 

The search was on for regions 
that control other functions, 
particularly vision. The first per

son professing to have identified the 
center for vision was the British neu
rologist and physiologist David Ferri
er, who initially worked in laboratory 
space made available at the West Rid
ing Lunatic Asylum in Yorkshire and 
then moved to King's College London. 

By systematically noting the effects 
of alternating current on the brains of 
animals, Ferrier confirmed that stimu
lation of certain parts of the brain re
sulted in specific kinds of movement. 
At King's College, where he concen
trated on monkeys, he also found that 
stimulation of an area known as the 
angular gyrus, which is located in the 
parietal lobe, caused the eyes to move. 
The finding suggested to Ferrier that 

STRIPE OF GENNARI, a white layer (I, top) 
within the gray cerebral cortex, is shown 
in a 1782 illustration of a horizontal 
section of the brain. The illustration ap· 
peared in a monograph (bottom) by the 
stripe's discoverer, Francesco Gennari. 
The observation of the stripe, which is 
most prominent in the primary visual 
cortex, was the first recognition that the 
cerebral cortex has structural subdivi
sions, and it led Gennal'i to speculate
correctly-that the cortex in the back of 
the brain might have a unique function. 
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LESIONS made in the brain of monkeys initially yielded contra
dictory information about the location of the main vision 
center of the brain_ In 1876 a British neurologist named David 
Ferrier reported that the removal of a region in the parietal 
lobe known as the angular gyrus (triangular shaded area, left) 

blinded monkeys_ He suggested that the region is the seat of 
vision_ Hermann Munk, a German physiologist, strenuously 
disagreed; his studies, which he discussed in an 1881 publica
tion, indicated that the occipital lobe (area A, right) is responsi
ble for vision. Later work ultimately proved Munk was correct. 

the angular gyrus might well be the 
sought-after visual area of the brain. 

To test his idea further, he removed 
the angular gyrus and observed the 
response of the monkeys. Excising the 
gyrus from only one side of the brain 
seemed to leave the monkeys unable 
to see in the eye opposite to the lesion; 
if both gyri were removed, the animals 
seemed to become completely blind. 

Ferrier's evidence for the total loss 
of vision was largely anecdotal. He 
reported, for example, that one mon
key, which was particularly fond of 
tea, seemed unable to locate a cup 
placed right before its eyes. 

"On placing a cup of tea close to its 
lips it began to drink eagerly," Ferrier 
reported to the Royal Society of Lon
don in 1875 and in his book Functions 
of the Brain in 1876. "The cup was then 
removed from immediate contact, and 
the animal though intensely eager to 
drink further, as indicated by its ges
tures, was unable to find the cup, 
though its eyes were looking straight 
towards it. This test was repeated sev
eral times with exactly the same re
sult. At last on the cup being placed to 
its lips, it plunged in its head and 
continued to drink though the cup 
was gradually lowered and drawn half 
way across the room. " Lesions of the 
occipital lobe did not produce a com
parable handicap; hence Ferrier had 
no reason to think that the occipital 
lobe was important for vision. 

Ferrier's conclusions were contro-

versial. His most bitter opponent was 
Hermann Munk, a German professor 
of physiology at the Berlin Veterinary 
School, who had begun his own experi
ments soon after Ferrier started his. 
Munk correctly reported that damage 
to the OCCipital, not the parietal, lobe 
is responsible for blindness. He found 
that removal of the occipital cortex 
from one side of the brain made mon
keys hemianopic: unable to see one 
side of their visual field. Because each 
eye lost half of its vision, Munk con
cluded that both eyes must be con
nected to both the right and the left 
hemispheres of the brain. He also re
ported that removal of the occipital 
cortex on both sides of the brain pro
duced total blindness. 

Munk was not gentle to his oppo
nent. In an 1881 publication he re
cords two sets of comments he had 
made earlier to the Physiological Soci
ety in Berlin: "In my first communica
tion on the physiology of the cortex 
which I made in March of last year I did 
not say anything about Ferrier's work 
on the monkey because there was 
nothing good to be said about it. " 

When he was asked to express his 
views at a later session, however, 
Munk seems to have had quite a bit to 
say. He first listed several of Ferrier's 
conclusions, including not only his 
assertion that the angular gyrus is the 
visual center in the monkey but also 
his idea that the occipital lobe is the 
seat of hunger! Then he stated that 
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Ferrier's declarations "are worthless 
and gratuitous constructions since 
the operated animals were examined 
by Mr Ferrier in quite an insufficient 
manner and only at the time of general 
depression of brain function. If I have 
gone too far in this statement which is 
based on a general survey of Mr Ferri
er's experiments it was up to me to 
restore the injury, the sooner the bet
ter. However, as the experiments show 
now I have said . . .  rather too little 
than too much. Mr Ferrier had not 
made one correct guess, all his state
ments have turned out to be wrong. " 

The acrimony between these two 
investigators was so strong that the 
psychologist and philosopher William 
James noted in his 19th-century psy
chology textbook that "the subject of 
localization of functions in the brain 
seems to have a peculiar effect on the 
temper of those who cultivate it ex
perimentally . . .  Munk's absolute tone 
about his observations and his theo
retical arrogance have led to his ruin 
as an authority. " 

Munk, as it turns out, escaped 
ruin, and he continues to be 
recognized for having demon

strated clearly that the occipital lobe 
has a unique role in vision. Even so, 
Ferrier's work merits further atten
tion, both because questions remain 
and because the results he obtained 
did provide a clue to the visual organi
zation of the brain. 
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Why is it that Ferrier did not see a 
.clear loss of vision after lesions were 
made in the occipital lobes of mon
keys, and what was happening to the 
animals that seemed to be blinded by 
lesions of the angular gyri? Ferrier's 
failure to blind his monkeys by dam
aging the occipital lobe in both hemi
spheres is not hard to explain. In al
most every instance he removed a 
large part of each lobe-the section 
found behind a deep groove known as 
the lunate fissure. This would have 
eliminated most of the primary visual 
cortex but not all of it. Even if just a 
few millimeters of cortex remained, 
the animal would have retained a good 
deal of its vision because, as will 
become clear below, relatively small 
amounts of the primary visual cortex 
map a rather large extent of the pe
ripheral visual field. 

Ferrier's monkeys probably lost cen
tral vision, then, but they would not 
have been blind. Presumably they 
compensated for their visual losses to 
a great degree. Monkeys quickly learn 
to exploit whatever sight remains af
ter a brain injury, and they are aided 
in this effort by their ability to move 
their eyes and head quickly. Munk, for 
his part, probably produced blindness 
by including in his lesions more of the 
medial face of each lobe: the inner 
surface that faces the opposite hemi
sphere. Much of the primary visual 
cortex is on the medial surface. 

As to why monkeys that lacked an
gular gyri seemed to be blind, Ferrier's 
descriptions of the animals' activity 
indicate that he had unwittingly dis
covered not the visual center of the 
brain but a region that is of major 
importance for the control of visually 
guided movement: the faculty that en
ables one to, say, reach accurately for 
a raspberry on a bush or walk down 
a busy street without bumping into 

'-- ( p' 
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anyone or anything. Ferrier's mon
keys could no longer guide their move
ments according to what they saw, and 
that is why they had difficulty reach
ing food placed in front of them. 

Ferrier himself must have eventual
ly recognized his mistake. In his first 
experiments he had allowed his mon
keys to live only three or four days 
after surgery because infection was 
inevitable. Later, when he adopted the 
sterile surgical procedures of Joseph 
Lister, which allowed the monkeys to 
survive and heal, he realized the mon
keys did not stay "blind." His descrip
tion of the monkeys as they recov
ered makes it clear that the major 
effect of his operation was to produce 
deficits in visually guided movement. 

While Ferrier pursued his studies of 
the angular gyrus, Munk's conclu
sion that the occipital lobe is the seat 
of vision gained support. By 1890 Ed
ward Albert Sharpey-Schafer, profes
sor of physiology at University Col
lege London, had replicated Munk's 
results, and physiCians had reported 
many cases of patients who suffered 
partial blindness follOwing damage to 
the occipital lobe. 

The Swedish neuropathologist Salo
men Eberhard Henschen of the Univer
sity of Uppsala summarized the clini
cal story in 1892. He assembled all the 
available papers meeting two criteria: 
they described cases in which brain 
damage had led to the loss of the right 
or the left half of the visual field, and 
they included an autopsy report on 
the site of the brain damage in the 
affected hemisphere. In every case 
the damage included the region of the 
occipital cortex that surrounds and 
includes a groove prominent on the 
medial surface of both hemispheres: 
the calcarine fissure. This region con
tains the part of the cortex in which 
Gennari's stripe is most visible. 

Thus, after more than a century, 
Henschen confirmed Gennari's early 
suspicion that the cortex with the 
prominent stripe-the striate cortex
has a unique function. Indeed, Hen
schen had finally demonstrated that 
the striate cortex is no less than the 
primary visual center of the brain. 

If the visual world is mapped onto 
the striate cortex, how is the map 
arranged? Henschen correctly ob

served that the lower visual field is 
mapped onto the upper bank of the 
calcarine fissure and that the upper 
visual field is mapped onto the lower 
bank. He also proposed that the center 
of the visual field is mapped onto the 
forward part of the striate cortex and 
that the periphery of the visual field is 
mapped onto the rearward parts. This 
proposal was incorrect. 

Henschen came to the wrong con
clusion because the data at his dis
posal were not fine enough: the pa
tients on whom he had based his con
clusions had large lesions. What was 
needed was a series of patients who 
had partial damage to the striate cor
tex and had lost the ability to see one 
or another region of the visual field. 
Such cases are a by-product of wars, 
and the next war arrived in due course. 

In 1904 and 1905 troops of the Im
perial Russian Army fought the Japa
nese in several bitter campaigns in 
Asia. The war involved more than 
500,000 soldiers, and its casualties 
provided a young Japanese physician 
named Tatsuji Inouye with enough 
data to develop the first reasonably 
accurate scheme showing how the vis
ual field is represented in the hu
man brain. Inouye eventually reversed 
Henschen's proposed mapping pat
tern; he showed that the central part 
of the visual field projects to the back 
of the visual cortex and the periph-

SITE OF BRAIN DAMAGE <shaded regions) in partially blind 
patients was mapped by a neuropathologist named Salomen 
Henschen in 1890. These drawings, showing the medial sur-

face of the occipital lobe, represent a few of the many cases he 
studied. His work helped to confirm Munk's suggestion that 
the vision center of the human brain is in the occipital lobes. 
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INOUYE'S SCHEME showing how the visual field is mapped onto 
the primary visual cortex-that is, onto the lips (blue) and 
banks (pink) of the calcarine fissure-was published in 1909. 
(Here the right side of the visual field is mapped onto the 
occipital lobe (a) of the left hemisphere.) Inouye described 
locations in the visual field (not shown) by a coordinate system 
in which the horizontal axis is calibrated in degrees of "azi· 
muth," from -90 degrees on the left to 90 degrees on the right, 
and the vertical axis shows "elevation," from zero degrees at 
the top to 180 degrees at the bottom. The center lies at zero 
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degrees azimuth and 90 degrees elevation, and the right side 
of the visual field corresponds to the points to the right of the 
vertical axis. To make the scheme Inouye spread the fissure (b), 
revealing its banks; he then mapped azimuth (red) along the 
fissure's horizontal dimension and elevation (black) along 
the vertical axis (c). The diagram shows that the center of the 
visual field is represented at the rear of the occipital lobe, 
whereas more peripheral parts are represented toward the 
front of the lobe. It also reveals that a disproportionately large 
amount of the visual cortex is devoted to central viewing. 
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ANOTHER SCHEME showing how the visual field (color) maps 
onto the visual cortex in the occipital lobe was developed by 
Gordon Holmes in 1918. (The center of the visual field lies at 
the center of the grid.) The images are Holmes's, although his 
symbols have been redrawn and color and new labels have 

126 SCIENTIFIC AMERICAN September 1988 

as 

180 

been added for extra clarity. His scheme quickly supplanted 
Inouye's because it is easier to grasp and shows that the area 
of cortex devoted to the center of the visual field is dispropor
tionately large in the vertical as well as the horizontal direc
tion; Inouye's diagram showed only horizontal magnification. 
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eral visual field projects to the front. 
. In spite of his contribution to neuro
science, Inouye has been virtually ig
nored for many years, an oversight 
that David Whitteridge, a colleague 
of mine from the University of Ox
ford, and I hope to correct. We recent
ly tracked down the 1909 monograph 
Inouye wrote (in German) and translat
ed it into English; we also got in touch 
with his family in japan to learn more 
about his personal history. 

Inouye, who was born in Tokyo in 
1881, completed his medical studies 
at the University of Tokyo and begar. 
work under a prominent ophthalmolo
gist in the year before the RUSSO-japa
nese War broke out. He became a phy
sician in the army, where he examined 
a number of japanese soldiers who 
had lost some vision as a result of 
head wounds from bullets. He also 
examined soldiers referred to him by 
other physicians, and he studied one 
japanese soldier injured in the Boxer 
Rebellion of 1900 in China. 

The creation of Inouye's scheme 
was facilitated by the fact that the 
Russians had introduced an entirely 
new rifle, the Mosin-Nagant Model 91, 
which shot bullets that had a higher 
muzzle velocity (620 meters per sec
ond) and a smaller diameter (7.6 mil
limeters) than the bullets of earlier 
wars; the new bullets often penetrat
ed the skull without shattering it. The 
patients lost consciousness for peri
ods lasting from a few hours to several 
days after they were injured, but they 
recovered enough to cooperate in In
ouye's studies. (They had a personal 
reason to do so: their pensions were 
based on how much visual damage 
they had suffered.) 

Inouye based his description of the 
cortical map on data from 29 patients. 
For each patient he made a careful 
plot of the visual field of each eye (the 
right eye normally sees a slightly dif
ferent image from the one the left eye 
sees) and pinpointed the site of injury 
on the skull. In order to determine 
exactly which part of the brain was 
damaged, he identified each bullet's 
entry and exit points and calculated 
the area of brain that would be dam
aged assuming a straight trajectory 
through the brain tissue. He had sat
isfied himself that the assumption 
was reasonable by analyzing cases in 
which a soldier had been hit while 
firing from a prone position. The bul
let entered and left the skull and 
then reentered the body in the shoul
der or the forearm. In such cases the 
three wounds were consistently in a 
straight line-another consequence of 
the high-velocity Russian bullets. 

In addition to correcting Henschen's 
error about the orientation of the map, 
the scheme that resulted from Inou
ye's efforts revealed a fundamental 
fact about the organization of the stri
ate cortex: the proportions of the im
age are not preserved when the image 
is mapped onto the cortex. Inouye did 
not depict the mapped proportions 
entirely correctly, but he did recognize 
that a disproportionately large frac
tion of the striate cortex is devoted to 
the central visual field, as might be 
expected from the fact that the macu
lar region of the retina (the region of 
central focus) has a high concentra
tion of visual cells. 

Inouye died just 12 years ago at the 
age of 96, but his work has long been 
overlooked, in part because during 
World War I the renowned British neu
rologist Gordon Holmes and his col
league William Tindall Uster produced 
a more accessible and refined diagram 
of the way in which the visual cortex 
maps the visual field. That figure has 
since been widely reproduced. 

Holmes and Uster developed their 
scheme in much the same way as Inou
ye had: they were assigned to Brit
ish military-base hospitals, where they 
studied the visual losses that followed 
injury to the occipital lobe. Although 
their findings for the most part agreed 
with Inouye's, they disagreed with him 
on one major point. Inouye, along with 
a number of investigators before and 
since, found that patients rarely lost a 
complete half of the visual field when 
they had widespread damage to the 
left or right occipital lobe. Rather, they 
continued to see a small region in the 
center-the part that falls directly on 
the maCUla-suggesting that the cen
tral region is mapped twice, once on 
each side of the brain. 

Holmes and Uster vigorously de
nied that such "macular sparing" oc
curred; they believed all cases of ap
parent macular sparing were caused 
by incomplete damage to the occipital 
lobe. Who was right? Macular sparing 
probably does exist, but no single ex
planation accounts for all cases. 

The work of Holmes and Uster 
essentially completed the chap
ter of history devoted to the dis

covery of the primary visual cortex 
and the initial description of how it 
functions. I should mention, however, 
that they and the other people men
tioned in this article were by no means 
the only important players in the dec
ades-long drama; I have singled out 
only a few of the major figures, con
centrating on those who have gotten 
too little credit for their contributions. 

In the years since the introduction 
of Inouye's and Holmes's schemes 
much has been learned about the or
ganization of the cerebral cortex in 
general and the striate cortex in par
ticular. For instance, the areas of cor
tex adjacent to the striate cortex and 
beyond it on the temporal and parietal 
lobes are now known to have a pre
dominantly visual function and to re
ceive their major input directly or 
indirectly from the striate cortex. In 
monkeys and human beings roughly 
half of the cerebral cortex is devoted 
to processing the visual image. 

The study of the brain's role in vi
sion is by no means complete. One 
major task for the future is to eluci
date the speCific functions of the ex
trastriate areas: How does the visual 
system process color, form and move
ment? How is such information used 
to recognize familiar objects and to 
guide the body's movements? 

Many workers look more to the fu
ture than to the past as they pursue 
such issues, and yet a knowledge of 
history helps to keep the often frus
trating process of investigation in per
spective. As is true in almost every 
new research area, progress was slow 
initially, before technical and theoreti
cal advances made many of the funda
mental discoveries possible. Laborato
ry research with animals then clarified 
a previously chaotic view of brain or
ganization. That research sometimes 
led to erroneous conclUSions, but fur
ther experiments confirmed the facts 
and resolved the puzzles. The results 
have led clinicians to a better under
standing of their patients' disorders 
and ushered in an era of prolific re
search into the remarkable workings 
of the human brain. 
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SCIENCE AND BUS IN E S·S 
Patent Medicine 
New patents challenge 
Congress and courts 

On the outskirts of Washing
ton, D.C., sits the u.s. Patent 
and Trademark Office. On long 

shelves and in wood cases, it houses 
the more than 4.75 million U.S. patents 
issued since 1790. In recent years this 
venerable office has seen a new kind 
of patent: genetically modified living 
matter, ranging from microorganisms 
to mammals. Although the courts 
have ruled that such patents are le
gal, a lively debate continues on Cap
itol Hill about the appropriateness of 
patenting life. Meanwhile, companies 
holding the patents worry about the 
extent of their legal protection. 

The stakes in these debates are high. 
"Patents are vitally important to both 
the pharmaceutical and biotechnol
ogy industry," says David ]. Mugford, 
associate general counsel.at Schering
Plough in Madison, N.]. 

"Over $1.7 billion has been spent on 
biotechnology research and develop
ment and the results can be copied 
relatively easily," adds George B. Rath
mann, chief executive officer at Amgen 
in Thousand Oaks, Calif., and chair-

"SHOECASES" store the patents at the 
u.s. Patent and Trademark Office; the 
first patents were reportedly stored in 
real shoe boxes. 

Living controversies, 
teaching manufacturing, 

counsel on change, 
melodious computers 

man of the Industrial Biotechnology 
Association. The companies develop
ing products through recombinant
DNA techniques have therefore come 
to rely heavily on patents as a way of 
protecting their investments, he says. 

Originally the Patent Office was un
willing to patent living organisms. But 
in 1980 the Supreme Court ruled that 
Ananda Chakrabarty, a scientist at 
General Electric, was entitled to a pat
ent for his novel strain of bacteria that 
digested oil slicks. The decision set a 
legal precedent and spurred invest
ment in commercial genetic-engineer
ing research. It showed that compa
nies could gain ownership rights to 
the fruits of their labor. "The Chakra
barty decision set the stage for Genen
tech's public offering and was directly 
linked to our ability to start this com
pany," Rathmann says. 

Although in theory the Chakrabarty 
ruling cleared the way for patenting 
any life forms except human beings, 
the Patent Office continued to move 
cautiously. In 1985 the office's Board 
of Appeals and Interferences reaf
firmed that all plants could be patent
ed. Two years later an application for 
an oyster with multiple sets of chro
mosomes raised the issue of patent
ing higher life forms. Again the Board 
of Appeals said the Patent Office could 
issue a patent for the organism. (The 
application was actually rejected as 
too "obvious," however.) Last April, the 
Patent Office awarded the first patent 
for "transgenic non-human mammals" 
to investigators from Harvard Univer
sity for a mouse that incorporates a 
human gene. 

As a result of those decisions, pat
enting life forms is legally acceptable, 
says Reid G. Adler, an attorney with 
Finnegan, Henderson, Farabow, Gar
rett & Dunner in Washingon, D.C. 
Nevertheless, that has not stopped an-
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imal-rights advocates, some farm co
alitions and environmentalists from 
petitioning Congress to ban animal 
patents. Some worry about the morali
ty of patenting life; others ask wheth
er farmers will have to pay royalties 
on the progeny of patented animals. 
Still others fear that releasing new 
organisms into the environment could 
cause serious ecological disruptions. 
Although Congress has held hearings 
on the issue of patenting life, calls for 
a moratorium on patenting organisms 
have won little support. 

Congress is nonetheless trying to 
come to grips with many of the other 
concerns. In mid-July the House Sub
committee on Courts, Civil Liberties 
and the Administration of Justice ap
proved a proposal from Representa
tive Robert W. Kastenmeier (D-Wisc.) 
that would exempt farmers and re
searchers from paying royalties on the 
progeny of patented animals. In an
other bill, Kastenmeier proposed that 
the U.S. Department of Agriculture and 
the Environmental Protection Agency 
issue permits to those who wish to 
develop transgenic livestock or re
lease genetically altered animals into 
the environment. 

The nature of biotechnology patents 
has raised other questions as well. 
Most of the patents awarded to com
panies exploiting recombinant-DNA 
techniques have been for unique proc
esses, rather than for products such 
as animals or organisms. Patent hold
ers would rather have exclusive rights 
to a product than to a process, notes 
Iver P. Cooper, associate general coun
sel for the Association of Biotechnolo
gy Companies, since it is far easier to 
detect and prove infringement on a 
product than on a process. But so far 
much of genetic engineering has been 
aimed at making known drugs such as 
insulin more easily and cheaply than 
is possible through conventional tech
niques; consequently, a majority of 
companies hold process patents. 

Not surprisingly, companies are eye
ing one another's processes for mak
ing the same product with suspicion. 
A landmark case in this area is likely to 
be the ongoing dispute between Am
gen and Genetics Institute in Cam
bridge, Mass. By employing recombi
nant-DNA technology, Amgen created 
an organism that produces erythro
poietin (EPO), a protein that regulates 
the rate at which red blood cells are 
formed. Three months before Amgen 
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Businesses may start small, 
but they shouldn't sound small 
when customers phone in. Fortu
nately, New York Telephone can 
provide any small business with 
the communications efficiency of 
a corporate giant, well before it 
actually becomes one. And with 
no capital investment. 

FOR CALLS YOU CAN'T 
AFFORD TO MISS 

ibility, the capacity to manage 
more information more effi
ciently-even the ability to send 
voice and data over the same line. 

NO CAPITAL INVESTMENT 
Especially with current tax 

laws, one of the advantages of 
New York Telephone's many serv
ices becomes more important 
than ever: you don't have to buy 
any equipment. All the necessary 

For little more than you're switching equipment and soft-

T here are even long-term rate 
stability plans. T hat means no 
surprise expenses,just monthly 
payments. Since New York 
Telephone maintains the switch
ing equipment, you don't have to 
worry about servicing problems. 
And you'll never be stuck with an 
obsolete system, because it's our 
business to keep things up to date. 

THINK AHEAD. 
CALL 1800942-1212, EXT. 10 

paying now, you can have a variety ware are in our central offices. To learn more about mak-
of telecommunications services ing your business sound like 
that will help you take advantage a corporate giant, call New York 
of new business opportunities. Telephone. Our consultants will 
You can keep your phone line help you decide which services you 
open for business even while need now, which you may need 
you're using it. Set up conference later. 
calls, or add a third party to any To arrange for a free con-
phone call. Even arrange to have suItation, or to get brochures 
calls follow you to another describing systems such as 
number, whether it's in your home, NYNEX INTELLIDIA�M service, 
in the next office, another build- Centrex III, NYNEX INTELLI-
ing, another city-anywhere. PATH W digital Centrex service, 

And when your business and NYNEX PATHWAYS® data 
really starts H d services, call 
flourishing,we to New York Telephone 
can offer you 0 •• 7 SOliD at the number above, 
digital capabili- , YY ___ _ 

or any of the sales 
ties. T hat gives 11- 1"'e' a 

a
rl

�
g
e
h
n
t
t
.
s listed on the 

you greater flex-

,� -corporate gtant, 
even 

if you aren't. 

Think ahead. 

NYNEX is a service mark of NYNEX Cofporalion @NewYorkTe1ephooe1988 @ New York Telephone CALL 1800942-1212, EXT. 10 
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New York 
Telephone 
Sales Agents 

ACT 
1 212 645-7678 

AIM Telephones,lnc. 
1 212 777-6600 

ALL-Mode 
Communications, Inc. 
1 607 347-4164 

American Interconnect 
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Associated Telephone 
Design. Inc. 
1 212 947-1801 

ComputerTelephone 
Corporation 
1 800 225-3288 

CONTEL IPC 
1 212825-9060 

COAADlAN 
Telecommunication 
Systems 
1800 342-4051 

CORTEL Business 
Systems, Inc. 
t 212 627-4200 

Data Net, Inc. 
t 201 569-2353 

Digital Communications 
Products, Inc. 
t 516 234-2727 

Digital Support 
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EAGLE BCS 
1 212 797-7979 

EXECUTECH 
Solutions, Inc. 
1 914 997·2726 

Executone Albany, Inc. 
1 518869-3571 

ExecutoneTelecom, Inc 
1800 782-8284 

Gaffney 
Communications,lnc. 

1800962-2000 

GLASGAL 
Communications, Inc. 
1 201 768-&082 

ISOETEC 
Communications, Inc. 

1 212 759-0500 

MIOAT LANTIC 
Telecom, Inc. 
t 212 869 -2600 

National Field Services 
Corporation 
1800 368-1602 

NETUNE,lnc. 
1 212 730-6466 

NorthernTranstexT 
Networks 
1 516 231-7272 

NYNEX 
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Pacesetter Telephone 
Company 

1 212 691-6700 

Ronco Communications 
& Electronics, Inc. 
1 716879-8100 

Standard Telecommu
nications Systems,lnc. 
1 212 532-5440 

StonyBrook 
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inc. 

Tecnimat/T OS 
1 800 524-0646 

Tel Plus 
Communications, Inc. 

1 800 TEL- PLUS 

Twin State CCS 
1 800 833-8000 

WHITCOM Inc. 
Executone Metro 
1 800 338-3940 

XTEND Telecarrier 
Div. of the Computoll 
Group,ltd. 

1 212 725-3555 
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received its patent, Genetics Institute 
won a patent giving it rights to a more 
conventional process for making EPO 
as well as to the product EPO itself. 
Each company now claims the exclu
sive right to EPO. 

Process patents have also been a 
source of international friction. While 
product patents receive the same pro
tection outside the U.S. as they do 
domestically, process patents do not. 
Under what Cooper describes as a 
"quirk" in U.S. law, foreign companies 
manufacturing in plants outside the 
U.S. can employ a U.S.-patented proc
ess and sell the resulting product in 
the U.S. without paying royalties. Be
cause of' the number of process pat
ents "the issue is extremely important 
to biotechnology," Mugford observes. 
What took a U.S. inventor five years 
can be replicated abroad in a matter of 
days, Rathmann adds. 

Only if a U.S. company can prove a 
foreign importer has inflicted "eco
nomic damage" on domestic industry, 
will the International Trade Commis
sion bar importation of the product. 
But proving economic damage is diffi
cult, according to Cooper. Moreover, 
the U.S. company will not receive any 
compensatory payment even if dam
age is proved. Congress has debated 
extending protection to process pat
ents since the Johnson Administra
tion; this year it may act. Legislators 
hoped to have a bill ready for the 
President in early September. 

As Congress and the courts have 
wrestled with the implications. of bio
technology, the Patent Office has faced 
its own challenges. The office has been 
flooded with more biotechnology ap
plications than it could manage, and 
applicants have often waited more 
than four years for a patent. This prob
lem was exacerbated when many ex
aminers qualified to review biotech
nology applications were hired by the 
private sector. The Patent Office has 
also come under much criticism from 
Congress for its prototype computer 
database of patents; the work has tak
en more time and more money than 
anticipated. 

Slowly, however, the Patent Office is 
getting back on course, say industry 
leaders. According to Mugford, the of
fice has made great strides in organiz
ing a special group to handle biotech
nology and in hiring and training more 
examiners. The office has also pro
posed that biotechnology applications 
include the long sequences of DNA 
bases that describe the genetic make
up of an organism in machine-read
able form, preferably on floppy discs. 
This will enable examiners to check by 

computer for genetic similarities be
tween an organism described in an 
application and organisms that have 
already been patented. For now, exam
iners continue to scan the copies of 
patents kept in the traditional wood 
cases. -Elizabeth Corcoran 

Making Manufacturers 
ML T. aims to teach 
manufacturing principles �thOUgh it is barely September, 

20 first-year graduate students 
have been toiling over assign

ments for three months. At the same 
time, several dozen business leaders 
and professors are trying to thrash 
out their future curriculum. All are 
part of an experimental master's de
gree program that the Massachusetts 
Institute of Technology hopes will 
eventually change the way companies 
manage manufacturing. 

For two years, with no summer vaca
tions, the students will take enough 
courses to earn master's degrees in 
both engineering and business admin
istration, focused on manufacturing 
issues. Along with attending regular 
classes at the Sloan School of Manage
ment and the engineering school, they 
will participate in seminars based 
partly on talks from leaders in busi
ness and technology and on tours of 
local manufacturing plants. 

At the heart of the program are 
six-month thesis projects that teams 
of students will undertake at manu
facturing plants. Their problems will 
be "real"-such as how to cut the time 
it takes to get a product to custom
ers-and will be jointly picked by com
panies, faculty and students, says 
H. Kent Bowen, a codirector of the 
program and a professor in the engi
neering school. "We hope that they 
[the students] will see the intellectual 
challenges and career opportunities in 
manufacturing," he adds. 

That would be a change. In recent 
years, fewer than 5 percent of the 
graduates from the top U.S. business 
schools have taken jobs in production 
and operations. In contrast, consulting 
and-before the stock market crash
investment banking have each claimed 
roughly 20 percent of the graduates. 

It is not just that MBA graduates 
long for careers in finance, say busi
ness school administrators. Few com
panies have promoted production and 
operations managers as rapidly as 
they have promoted managers in fi
nance and marketing. "It used to be, in 
the 1950's, that the road to success for 
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the CEO was through manufacturing," 
says Arnoldo Hax, a deputy dean at 
Sloan. "Perhaps in the long run we may 
recapture that." 

Industry, too, has been searching 
for ways to enhance manufacturing. 
"We're concerned about what it takes 
to make ourselves competitive," says 
William C. Hanson, vice-president of 
manufacturing for Digital Equipment 
in Maynard, Mass. That concern 
spurred nine corporations, led by Boe
ing, Digital Equipment and Kodak, to 
agree to provide people, time and re
portedly $ 30 million for the M.LT. pro
gram. This money covers the tuition 
and monthly stipend for all joint-de
gree students; it will also fund the 
research projects of some 30 M.LT. 
faculty members from the engineering 
and management schools. The investi
gators will explore manufacturing is
sues chosen jointly with industry. 

Marrying the study of engineering 
and management is certainly not a 
new idea. Cornell University initiated a 
small, five-semester program offering 
a joint master's degree in engineering 
and business in 1985. More typical
ly, though, graduate engineering pro
grams have simply encouraged stu
dents to take a few business courses, 
while business schools have required 
students to take one "operations" 
course that covers everything from 
assembly lines to customer relations. 

M.LT.'s engineering school and Sloan 
administrators, however, felt that the 
informal ties between engineering and 
management "missed the mark," Bow
en says. Even MBA candidates with 
bachelor's degrees in engineering "get 
overwhelmed by accounting or strate
gic management and forget to tie in 
the technology," he adds. And so four 
years ago the dean of the engineering 
school began to campaign for the pro
gram that is now under way. 

Although one program may not 
make much difference, "we hope oth
er, similar programs will follow," Han
son says. The M.LT. program will be a 
"multimillion dollar investment over 
five years" for Digital Equipment, he 
says, "but compared to the size of the 
problems, that's not very big." -E.c. 

Change Artist 
Consultant offers framework 
for corporate change 

These days, many chief executive 
officers are struggling to change 
their companies to exploit new 

technology or improve their competi
tive edge. Over the past eight years, 
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a number of them-from james R. 
Houghton at Corning Glass Works to 
David T. Kearns at Xerox- have turned 
to David A Nadler, president of Delta 
Consulting Group in New York City. 

Most of Nadler's work goes unpubli
cized; clients come through referrals. 
He offers no pat solutions. "I can tell 
you what your problem is, but I can't 
fix it," he says. "It's more powerful if I 
give you a framework for solving it." 

At the center of Nadler's framework 
are two visions of the corporation. On 
the one hand, he sees it as a system. 
Inputs, such as consumer demands, 
stiffening competition and the advent 
of new technology, force the system 
to change internally. If the changes 
are made skillfully, they will yield a 
change in output, such as greater effi
ciency. On the other hand, Nadler ar
gues that the system is a human one, 
running on the skills and enthusiasm 
of thousands of individuals. Conse
quently, sending down orders from 
the head office without considering 
how they will affect individuals below 
does not work, he says. Instead chang
es must maintain the "congruences," 
or the way individuals fit together 
with the tasks at hand and the formal 
and informal ways things get done. 

Pamela P. Flaherty, a senior human
resources officer at Citibank, says she 
has often watched Nadler describe his 
framework and help his listeners 
quickly fit it to their situation. Peo
ple feel that they have found the solu
tions themselves, Flaherty adds, "even 
though he's orchestrated it." As a re
sult "you come away energized." 

Consider one example Nadler will 
talk about: infusing Xerox with the 
importance of quality throughout the 
company. In the early 1980's Xerox 
found itself battered by japanese 
competition. Eighteen trips to japan 
convinced Kearns that the only way to 
fight back was to improve quality radi
cally. "His problem was: How do you 
get 100,000 people to work different
ly?" Nadler recalls. 

According to Paul A Allaire, pres
ident of Xerox, Nadler approaches 
problems with an intimate knowledge 
of the experiences of other chief exec
utive officers who have made similar 
changes. Because "he recognizes that 
companies have informal structures" 
that direct their operations, Allaire 
adds, Nadler helps companies tailor 
his framework to address their most 
pressing problems. 

With Nadler, Xerox began by creating 
a team of 17 "quality executives," one 
from each major unit of the compa
ny. They held workshops on how to 
change tasks and formal structures to 

improve quality as well as on individ
uals' hopes and fears about the shift. 
Every other week the representatives 
would return to their groups to let 
them know about the changes. As a 
result individual employees through
out the company had enough time to 
adjust to the changed environment 
and develop new informal structures. 
Xerox became a textbook example of 
how to restore a company's competi
tive edge. 

Nadler also relies heavily on tech
nology. During meetings at Delta's 
headquarters, Nadler may quietly type 
notes that are immediately displayed 
on a common computer monitor. 
Through his judiciOUS notewriting, say 
participants, Nadler subtly guides
not dominates-the discussion. 
. Nadler's skill in shaping group dy

namics reflects his diverse back
ground. In his early years, when he 
hoped to follow in his father's career 
in the foreign service, he earned a 
bachelor's degree from George Wash
ington University in international rela
tions. But he became intrigued with 
management; a master's degree from 
the Harvard Business School and a 
Ph.D. in psychology from the Universi
ty of Michigan eventually led to a job 
as an associate professor at Columbia 
University's business school in the 
mid-1970's. When he became frustrat
ed with academia, he took a year's 
leave of absence to try full-time con
SUlting. He has not returned to the 
classroom since. -E.c. 

Silicon Minstrels 
These computers ain't 
just whistling Dixie 

Night and day a team of comput
ers is waiting to serenade you. 
just give it a call and it will play 

a ragtime melody, improvise on a five
string banjo and sing scat-all over 
the telephone. It has even been known 
to accept collect calls. 

For more than two years Bellcore in 
Morris Township, N.]., has funded 
these computer- recitals. Why? "There 
are some kinds of research that really 
benefit the culture but don't show a 
profit," investigator Peter S. Langston, 
who dreamed up the project, asserts. 
"This is one of them." From Bellcore's 
vantage, Langston's research pulls to
gether advanced computer software 
and novel sound-transmission tech
niques, according to Stuart 1. Feldman, 
who supervises Langston. 

Langston's work is premised on a 
simple observation: a rock-music afi-

cionado forced to listen to Beethoven 
and a lover of classical music subject
ed to Led Zeppelin may not like what 
they hear but will concede that it is 
music rather than simply noise. Lang
ston is looking for a few common 
syntaxes, ideally in the form of simple 
algorithms, common to all music. Im
posing such algorithms on snippets of 
random noise would then make the 
brief intervals sound like music even 
though they would lack content or 
theme. Such were the humble begin
nings of what describes itself as "Pe
ter's weird music demo." 

Call the appropriate number. (It usu
ally circulates by word of mouth in the 
research community.) "Hi!" answers a 
computer-generated voice. "This is 
Eddie, your computer-music phone 
friend. Oh boy, you are really, really 
going to like this music, I can tell." 
After the listener chooses the short, 
medium or long demo, Eddie turns 
over the show to his colleague, "Eedie, 
but you can call me Mom." Then be
gins an assortment of "musical" inter
ludes ranging from 1 0 seconds to two 
minutes in duration. All are "per
formed live": once a phone call is con
nected, the music synthesizers in 
Langston's laboratory start to swing. 

Between passages Eedie interjects 
brief descriptions of the work. One 
tidbit relies on "fractal interpolations 
of an eight-note theme," Eedie chirps. 
"First the eight-note theme is played 
and then successively more elaborate 
interpolations are played until things 
really get out of hand." Six passages 
based on random numbers have a 
pulse more often heard in disco
theques than in research labs. 

Most of Langston's experiments are 
run for listeners at Bellcore; the reci
tals took to the phone lines when 
Eedie was connected to a computer
controlled telephone-switching exper
iment, also at Bellcore. To date Eedie 
has performed for almost 10,000 call
ers from eight countries. Langston 
does not plan to program the system 
to record feedback from listeners, 
however, until he sharpens Eedie's 
musical prowess. 

In addition to furthering investi
gations on the phone system and 
computer software, Eedie is bettering 
Bellcore's reputation as a place that 
sponsors interesting albeit offbeat 
research, Feldman says. He agreed to 
let Eddie accept collect calls to help 
spread the word, or rather the song. 
Sadly, however, when Bellcore learned 
of Scientific American's interest in Ee
die, it canceled the collect-call service. 

Even so, for a good time, you can 
call: 20 1-644-2332. -E.c. 
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Shock-front phenomena and other oddities 
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irline passenger 
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by learl Walker 

When an airliner is at cruising 
altitude, air sweeps past it 
at several hundred miles per 

hour. You look through the onrush of 
air every time you watch the passing 
landscape and clouds through an air
plane window. Yet your view is nor
mally so clear that you may well forget 
about the ferocious flow of air just 
outside the window. 

The flow is quite noticeable, though, 
if you are sitting behind the wing and 
look at the landscape through the 
highly turbulent exhaust from a jet 
engine. The chaotic variations of air 
density within the exhaust alter the 
direction of the light rays reflected 
from the ground. The rays are refract
ed randomly by the turbulent gases 
and what you see is a wiggle dance of 
features in the landscape. The dancing 
is diminished when the plane is on the 
ground, because then much less air 
flows through the engine. 

There are some less obvious clues 
that sometimes reveal the flow of air 
past an aircraft in flight. In her book 
Science from Your Airplane Window 
Elizabeth A. Wood describes one sub
tle tip-off: objects on the ground may 
appear distorted when light rays from 

them pass near the front of the wing. 
Wood first noted such distortion when 
she was seated near the leading edge 
of the wing and peered down at a long 
road that cut across the landscape at 
an angle to the wing. As the airplane 
proceeded over the landscape, the 
road seemed to slide gradually out of 
sight under the wing. Although the 
road was straight, the segment of it 
immediately in front of the wing al
ways seemed to be bent toward the 
wing [see illustration below]. 

The kink in the road was an illusion. 
As a wing moves through the air some 
of the air is forced up over it; the 
speed of that air increases and its 
density decreases. The changes begin 
somewhat in front of the wing. When 
Wood viewed the road along the front 
edge of the wing, she intercepted rays 
that traversed the region of lower
density air there. The variation in den
sity refracted the rays slightly upward. 
Now, when a light ray enters your eye, 
you automatically extrapolate it back
ward to perceive it's source without 
conSidering any bending it may have 
undergone on its way to you. Such was 
the case with Wood and the refracted 
rays. The deflection of the rays toward 

The bent·road illusion 
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the vertical made part of the road 
seem to be nearer the wing tpan it 
was. Since rays coming from the road 
farther from the wing did not pa�s 
through the lower-density air and 
were not bent, their origins were seen 
correctly. The apparent kink in the 
road was the point where the undis
placed image of the road joined the 
displaced image. 

Although this is certainly the right 
explanation of the illusion, one detail 
bothered me for some time: the reduc
tion in air density near a wing seemed 
to be too small to refract most of the 
rays by any perceptible amount. I 
assumed that the refraction works 
as follows. A ray is refracted when it 
crosses the boundary of the region of 
lower-density air. When it enters the 
lower part of the region, it is refracted 
somewhat toward the boundary. Since 
the ray is initially angled upward,. the 
refraction makes it a little more ver
tical. Thereafter the ray travels in a 
straight line across the region until 
leaving it, whereupon it is refracted 
somewhat away from the boundary; 
again the refraction rotates the ray 
toward the vertical. What bothered me 
was the fact that if the air density is 
only moderately lower near the wing, 
refraction is significant only when a 
ray passes through the boundary at a 
glancing angle; the few rays that had 
that angle of approach hardly seemed 
capable of creating the illusion. 

I finally realized my error by taking a 
closeup view of the displaced bit of 
road. Starting at the kink pOSition, the 
size of the illusionary shift of the road 
increases steadily with proximity to 
the wing, suggesting that the air den
sity decreases steadily as the wing 
surface is approached. In the pres
ence of such a density gradient, a light 
ray is refracted throughout its travers
al of the region near the wing, and so 
it follows a curved path [see bottom 
illustration on opposite page]. A ray 
that originates near the illusory kink 
has a short journey through the region 
and curves only slightly; a ray from the 
part of the road that is most displaced 
penetrates the region deeply, and so 
it curves more. The nonuniform de
flection of the rays produces the non
uniform displacement of the road be
tween the kink and the wing. 

I can see a related illusion when I am 
seated just behind a wing and gaze 
over it. I pick out a large building in 
the approaching landscape and keep 
watching it as it seems to come closer 
to the wing. As it is about to disappear 
under the wing, it suddenly becomes 
distorted and seems to flow toward 
the wing, disappearing a little before it 
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"should" disappear [see top illustration 
on next page]. By raising my head to 
bring the building back into view, I can 
repeat the disappearance act. At first I 
wondered if I was seeing only a con
fusing composite of my direct view of 
the building and a fleeting reflection 
of it out on the front edge of the wing. 
I checked by gradually raising my head 
to keep a building right at the edge, 
thus momentarily freezing the scene 
for study. There was no reflection: the 
image of the building was in fact dis
torted-stretched toward the wing. 

The distortion was due to the same 
trick of refraction that kinked Wood's 
view of the road. When the lower part 
of the building's image neared the 
wing, it suddenly sank in my view 
because light rays from it were refract
ed into a curved path by the densi
ty gradient just above the wing. For 
a moment the image of the building 
elongated like drooping molten glass. 
When the top of the image also sank, 
because its light rays were curving 
through the density gradient, the en
tire building rapidly disappeared be
fore it should have. The wing seemed 
to have sucked the building in like a 
vacuum cleaner. 

How does your view of the wing 
itself escape distortion? After all, 
when you look down on it, you inter
cept rays that have climbed through 
the density gradient. There is no dis
tortion because the rays traverse the 
density gradient for too short a dis
tance and at too steep an angle to 
curve significantly. That may be a 
good thing: if wings were distorted 
much on airliners, flights would be 
more unnerving than they are now. 

Wood suggested another way in 
which refraction might alter what is 
seen over the wing. Although most 
airliners fly slower than the speed of 
sound, the airflow over the top of the 
wing may actually exceed the speed of 
sound. When it does, a shock front 
forms that extends one or two me
ters upward from the wing. It is like 
a narrow, transparent, porous wall 
stretching out along the wing; it may 
extend the full length of the wing or 
be broken up into several short sec
tions. The air density is low in front 
of a shock front and higher behind 
it. One cannot see the shock front 
on the wing, of course; after all, it is 
just air. Wood proposed, however, 
that one might be able to infer its 
presence because under some condi
tions its refraction of sunlight could 
cast a dark band on the wing. 

An independent observation of such 
a band was reported in 1983 by Anto
ny Hewish of the University of Cam-

bridge. He had been flying at high 
altitude in a Boeing 727 with the sun 
about 25 degrees above the tip of the 
wing near him. The band ran along 
most of the length of the wing and was 
f-rom one to two centimeters wide 
(he compared it to the diameter of 
the rivets on the wing). A narrow
er, bright band lay just behind the 
dark one. Mild turbulence jostled the 
bands, and sometimes multiple bands 
appeared. When the aircraft descend
ed and slowed, the pattern slid toward 
the front of the wing, faded, narrowed 
and disappeared. Apparently the de
crease in airspeed over the wing first 
diminished and then eliminated the 
shock front giving rise to the bands. 

How were the bands Hewish saw 
formed? Consider a sun ray that pierc
es the front surface of the shock front 
at a glancing angle [see bottom illustra
tion on next page]. Since the sun is 
25 degrees above the wingtip, the ray 
is angled downward. As it passes 
through the shock front it is refract
ed slightly upward (and also slightly 
away from the fuselage), so that it 
reaches the wing somewhat closer to 
the trailing edge (and a bit farther out 
on the wing) than it would have in the 
absence of a shock front. The spot on 
the wing illuminated by the refracted 
ray is bright; the spot it would other
wise have illuminated is dim. If many 
rays along the length of the shock 
front are thus deflected, the bright 
spots form a bright band and the dim 
spots form a dark band. Bands could 
also be produced if sun rays pierced 
the rear of the shock front and so were 
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deflected toward the leading edge of 
the wing. 

The explanation is plausible but 
flawed: it ignores the possibility that 
the spots that should be dim may in 
fact be illuminated by other rays pass
ing through somewhat lower points 
on the shock front. In order for bright 
and dark bands to form, the shock 
front must either be curved or have a 
steep density gradient across its nar
row width. Either condition can focus 
the rays like a lens so that a bright 
band falls on the wing. The dark band, 
then, is a strip where the focusing 
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prevents rays from reaching the wing. 
I searched for such bands on the 

wings of aircraft long and diligently 
but without luck. Then, on the day 
after I completed the first draft of this 
column, I saw them. I was seated well 
in front of the wing; the plane was at 
38,000 feet. The sun was somewhat in 
front of the wing. When I looked back 
at the wing, I noticed an odd line on 
it. At first I thought the line was only 
an edge Qf one of the metal sheets on 
the wing, but then I saw that it shim
mied slightly when the wing shook 
in the turbulence. Was the line due 
to a shock front? Suddenly the pilot 
banked the aircraft, bringing the wing 
up and turning us so that the sun was 
about 25 degrees above the wingtip. 
The line sharpened into distinct bright 
and dark bands. My excitement proba
bly startled fellow passengers. 

When the plane leveled out, the sun 
was still above the wingtip but at a 
larger angle. The bands were then less 
distinct. As I watched them for the 
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next half hour, gradual changes in 
flight direction brought the sun some
what behind the wing, and the bands 
became fuzzy and finally disappeared. 

This fortuitous experiment helped 
me to understand why the bands are 
so rare. For them to form, sun rays 
must skim through a shock front, be
cause only then do the rays under
go appreciable deflection. That means 
the sun must be approximately above 
the wingtip; the ideal angle of eleva
tion seems to be about 25 degrees, 
which must have something to do 
with the way the shock front curves 
vertically. When the sun is too far 
ahead of the wing or behind it, or too 
high above the wingtip, either the 
bands do not form or they are too 
faint to be seen by a casual observer. 

The appearance of the bands may 
also depend on the air temperature. 
For a shock front to develop, the 
airflow over a wing must exceed 
the speed of sound. Since the speed 
of sound is lower in colder air, per-

lower-clensit'{ 
air in front 

Refraction by a shock front 
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haps only fast planes flying through 
very cold air develop extensive. shock 
fronts over the wings. 

Recently I spotted another pecu
liar optical display that was probably 
caused by a shock front. I had the 
luxury of being on a nearly empty 
flight and could sample the view from 
several window seats over a wing. I 
happened to be on the opposite side 
of the aircraft from the sun when I 
noticed a dark vertical band near the 
leading edge of the wing. As I moved 
my head forward the band moved to
ward the wingtip. At first I thought the 
band was caused by an imperfection 
in the window, but when I moved for
ward to the next window seat, I saw 
the band again, this time out on the 
wingtip. Clearly its position was linked 
to the angle at which I viewed the wing. 
Still skeptical, I scrutinized the band 
while keeping my face pressed to the 
window. When the plane encountered 
mild turbulence that shook the wing 
gently, the band wiggled to and fro 
over the wing. Since my eyes were not 
moving with respect to the window, 
the dance had to be caused by some
thing happening out on the wing and 
not by a blemish in the window. 

From some points of view in the 
two window seats I saw two bands. 
By moving my head I could make one 
band pass the other one. I gradually 
began to realize that I was looking 
through one or two shock fronts that 
sat out on the wing. But how did the 
fronts form these bands? They dif
fered from the bands seen by Hewish 
and predicted by Wood because they 
fell across my eyes (and presumably 
the nearby part of the fuselage) and 
not on the wing; from any window seat 
other than those two I would not have 
seen them. Also, since I was on the 
opposite side of the airplane from the 
sun, the bands could not be due to any 
refraction of direct sunlight. 

After the flight I developed a plausi
ble explanation for this second kind of 
band. Suppose there is a shock front 
that is curved horizontally, with a con
vex surface facing the leading edge of 
the wing. If I look at the wing almost 
tangentially along the shock front, I 
intercept rays that come from details 
on the wing beyond the shock front 
and may be refracted when they pass 
through the front. Consider two adja
cent details. A ray from the one on my 
right might undergo only a small re
fraction because it enters the front at 
a large angle [see bottom illustration 
on opposite page]. A ray from the detail 
slightly to the left might be refracted 
more, because, owing to the front's 
curvature, it enters at a glancing angle. 
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When I mentally extrapolate the rays 
backward, the detail on my left ap
pears to be displaced to the left of 
its true position. The detail on my 
right undergoes less displacement. 
The light rays from the region between 
the two details are then spread over 
a larger angle in my view than they 
should be, and that region appears to 
be dim. Since the shock front stands 
one or two meters high, I see a dark 
vertical band of about the same height 
out on the wing. 

The model seems to explain two 
other aspects of what I saw. The lead
ing edge of the wing and other fea
tures along the wing were warped up
ward near the dark band, apparently 
because when rays from those fea
tures passed upward through the 
shock front and into the higher air 
density, they were refracted slightly 
downward, away from the surface of 
the shock front. My mental extrapola
tion of them back onto the wing then 
produced the illusion that they origi
nated slightly above their true origin. 
The model also explains why the dark 
band moved when I did. The band was 
visible only when I looked almost tan
gentially along the curved surface of 
the shock front, so that I intercepted 
rays that entered the front at a glanc
ing angle and therefore underwent 
perceptible refraction; other angles of 
view through the front involved rays 
that were insignificantly refracted. If 
I moved my head forward, the place 
along the front where my view was 
almost tangential shifted toward the 
wingtip because of the horizontal 
curve of the shock front; so, conse
quently, did the dark band. 

The next time you sit on the shady 
side, watch the plane's shadow soon 
after takeoff. At first the shadow is 
large, but it seems to shrink stead
ily as you ascend. The shrinkage is 
an illusion. Because the shadow is 
formed by almost parallel rays of light 
from the sun, it must be the same size 
regardless of your distance from the 
ground. (The rays are not precisely 
parallel because the sun is a disk in 
our field of view rather than a pOint, 
bu t I shall neglect that fact.) 

The shadow seems to shrink when 
you ascend simply because its angular 
width decreases with distance. When 
the angle is too small and the shadow 
too faint, the shadow disappears. You 
might see the shadow again if you fly 
over a cloud that is not too far below 
the airplane. Recently I flew over an 
array of clouds scattered at many 
different altitudes below the plane. 
As the distance between me and the 
clouds kept rapidly changing, the ap-

A strange band seen on the wing 

parent size of the airplane's shadow 
fluctuated wildly. 

In the past several years Gordon 
Lundskow of Rochester, Minn., and 
Robert T. Chilcoat of the State Uni
versity of New York at Syracuse have 
written to describe a peculiar feature 
that is sometimes seen at an aircraft's 
"shadow point." Lundskow had been 
watching the shadow on the ground 
until it disappeared when the plane 
had climbed to about 20,000 feet. 
In the shadow's place a bright spot 
appeared. Chilcoat observed a simi
lar bright spot that traveled over the 
ground, always staying (as the shad
ow had stayed) diametrically opposite 
the sun. When a cloud below the air
plane got in the way, the spot disap
peared. You may sometimes see some 
such brightening even if the shadow is 
present; in that case the brightness 
surrounds the shadow. 

The brightening at and near the 
shadow point is called heiligenschein. 
Its causes are varied, but in every 
case something on the ground scat
ters sunlight back in the general direc
tion of the sun. When you look at the 
shadow point or close to it, you inter
cept some of the bright return of light. 

FURTHER READING 
SHOCK-WAVE PHOTOGRAPHY IN TUNNEL 

AND IN FLIGHT . F. E. Lamplough in Air
craft Engineering, Vol. 23, No. 266, pag
es 94-103; April, 1951. 

SCIENCE FROM YOUR AIRPLANE WINDOW. 

Elizabeth A Wood. Dover Publications, 
Inc., 1975. 

SUBSONIC FLOW. Milton Van Dyke in An 
Album of Fluid Motion. The Parabolic 
Press, 1982. 

IN-FLIGHT MOVIES. A Hewish in Nature, 
Vol. 306, No. 5939, page 118; November 
10, 1983.· 

An overhead view of the shock front 
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COMPUTER 
RECREATIONS 

Old and new 

three-dimensional mazes 

by A. K. Dewdney 

" . . .  a labyrinth constructed by Daed
alus, so artfully contrived that who
ever was enclosed in it could by no 
means find his way out unassisted." 

-Bulfinch's Mythology 

Most mazes are two-dimension
al, so that if we look down on 
them, we are able to work our 

way through their intricate twists and 
turns. But we cannot look down, so to 
speak, on three-dimensional mazes: 
upper levels obscure lower ones. We 
have no alternative but to feel our 
way-either literally or figuratively
along complex passages. 

There are both old three-dimension
al mazes and new ones. Given its leg-

UP 

WEST SOUTH 

endary difficulty, Daedalus' labyrinth 
of yore must have been three-dimen
sional. Its stygian darkness serves as 
an appropriate setting for an explora
tion of maze-solving techniques, in
cluding an extension of the famous 
right-hand rule employed in the solu
tion of two-dimensional mazes. As for 
modern mazes, those that are con
structed by M. Oskar van Deventer are 
not only three-dimensional but also 
invisible! They lead to a fascinating 
reconstruction problem: When can 
three two-dimensional mazes define a 
single three-dimensional one? 

Daedalus constructed his notorious 
labyrinth for Minos, the powerful king 
of Crete. The king did not intend the 

The triple right-hand rule for three-dimensional mazes 
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maze for recreational purposes, how
ever. The maze served to confine sev
en youths and seven maidens sent to 
him by Athens each year as tribute. No 
amount of intelligence would serve 
the hapless victims as they crept along 
its damp, dark passages seeking the 
way out. But that was not the worst of 
it: a fierce and horrendous creature, 
known as the Minotaur, inhabited the 
labyrinth. The Minotaur, which had a 
human heat! and the body of a bull, 
devoured the poor young Athenians 
who were trapped in the structure. 

Only Theseus, the fabled Greek hero, 
solved the labyrinth and in doing so 
killed the Minotaur. He tied a length of 
thread provided by the king's daugh
ter (who secretly loved him, of course) 
to the outside of the labyrinth and 
unwound the thread as he wandered 
the passages searching for the Mino
taur. After slaying the Minotaur, he 
merely followed the thread back to 
escape from the labyrinth. 

What would have happened if The
seus had been absentminded and had 
forgotten to secure the thread before 
entering the labyrinth? Could he have 
escaped some other way? One possi
bility would have been for him to tie 
the thread to the slain Minotaur before 
setting out in search of the exit. The 
thread would then at least have en
abled him to return to the same start
ing point (the carcass of the monster) 
after each unsuccessful probe into 
Daedalus' cunning labyrinth. But the 
thread alone would not have guaran
teed an eventual exit from the maze. 
How would Theseus have remem
bered which passages he had already 
explored? 

That depends on whether Theseus' 
memory was internal or external. If it 
was internal, he might simply have 
remembered the turns he took at each 
junction he encountered. If it was ex
ternal, he might have placed some 
token at each junction as a record of 
transversal. Personally, I think the lat
ter form of memory is the likelier one, 
and so we shall allow Theseus a num
ber of one-drachma coins. 

Every time Theseus came to a junc
tion of three or more passages, he 
would have examined the floor at the 
entrance to each passage. If a coin was 
already there, he would not have 
entered that passage. If no coin was 
there, he would have entered. After 
entering he would immediately have 
put a coin down within view of the 
junction. Some readers will no doubt 
object that Theseus could not pos
Sibly have seen the coins because of 
the utter darkness in the labyrinth. It 
therefore seems reasonable to allow 
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The reconstruction of Daedalus' labyrinth and a possible path (color) 

him some form of ancient fire-making 
apparatus, such as a cigarette lighter. 

In following the procedure just out
lined, Theseus might well have been 
forced to backtrack. If, for example, he 
had come to a dead end or a junction 
where all passages had coins at their 
entrances, he would have had to re
trace his steps. Is it possible that in the 
course of backtracking Theseus might 
have encountered nothing but non
enterable junctions? In other words, 
could he have been caught in an infi
nite loop? For the benefit of those who 
like to think for themselves, I shall not 
answer the question. Suffice it to say 
that the basic method I have outlined 
is widely applied in modern comput
ing for searching through data struc
tures; it is called a depth-first search. 

It might have happened that our 
intrepid hero had no coins or-worse 
yet-no cigarette lighter. How could 
he then have solved the maze? Luckily 
there is a method for escaping from 
the maze without external memory. 
Moreover, executing it would not have 
taxed Theseus' brain any more than 
carrying out a depth-first search. I call 
this method the triple right-hand rule. 

Ordinarily two·dimensional mazes 
can be solved by the so-called right
hand rule: on entering the maze one 
keeps a wall continuously on one's 
right, no matter how the passages may 
twist and turn. If a passage forks, one 

turns down the right-hand corridor. If 
a passage comes to a dead end, one 
simply turns around-keeping a wall 
on one's right. Eventually one will 
emerge. Astute readers will have no
ticed I did not state explicitly that one 
would emerge at the exit. If the exit 
happens to be in the middle of the 
maze (as it is in many paper-and-pen
cit exercises), one might well come out 
where one entered after a tiring appli
cation of the right-hand rule. But re
emerge one must. The reason is very 
simple: abiding by the rule enables 
one never to retrace one's steps. If no 
part of the wall that defines the maze's 
passages is ever retraced, it follows 
that eventually one must run out of 
wall, so to speak, at an opening. (The 
exception is the case in which the 
walls of the maze form a completely 
closed circuit, but in that case there 
would be no opening in the wall where 
one could have entered.) 

A variation of the right-hand rule 
can be applied in solving three-dimen
sional mazes, including the cruel laby
rinth of King Minos. To make things 
simple, I assume all passages in the 
maze have a square cross section and 
are quite straight, except at bends 
where they make gO-degree turns. 
In addition, I assume the passages 
run precisely east-west, north-south 
or up-down and are therefore perpen
dicular to one another. I also assume 

only two types of junction are formed 
wherever three passages come togeth
er: a T junction and a three-way corner. 

Let me now take the reader groping 
along the passages in order to explain 
the operation of the triple right-hand 
rule. No gyroscope is necessary; gravi
ty tells us which way is up and which 
is down. The other four directions are 
remembered by keeping track of our 
turns as we make our way through the 
three-dimensional maze. If we enter 
the maze facing east, for example, a 
turn to the right leaves us facing 
south; after another turn to the right 
we would be facing west, and so on. 

The triple right-hand rule is applied 
at a T junction only after we identify 
the plane in which the junction lies, 
since each of the three possible planes 
has a specific "handedness" assigned 
to it [see illustration on opposite page]. 
Imagine a clock stuck on a surface 
parallel to the plane of the T junc
tion. We arbitrarily call the direction 
in which the hands of a clock turn 
"right," and we will consistently turn 
in that direction in the labyrinth. 

In the case of three-way corners the 
rule must be modified somewhat. (Is 
that the Minotaur bellowing in the 
distance?) Say that up-down passages 
have direction I, north-south passag
es direction 2 and east-west passages 
direction 3. If one enters a three-way 
corner along direction 1, one leaves 
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along direction 2. If one enters along 
direction 2, one leaves along direction 
3. Even Theseus might have guessed 
that if he enters a three-way corner 
along direction 3, he ought to leave 
along direction 1. That is all there is to 
the triple right-hand rule. 

The rule happens to satisfy a gener
al criterion for solutions: no passage 
would be traversed twice in the same 
direction. Does the triple right-hand 
rule guarantee success? I contend that 
it does, but only if the maze has one 
possible path connecting entrance to 
exit. If the maze has more than one 
possible solution, I more modestly 
propose eventual emergence from the 
maze-through either the exit or the 
entrance. 

Of course, there is no guarantee that 
Theseus would have emerged from 
the labyrinth had he started following 
the triple right-hand rule only after 
dispatching the Minotaur. But if he 
had used the rule from the moment he 
entered the maze and if the st-ruggle 
with the Minotaur had not disturbed 
his memory, he would eventually have 
emerged a hero into the daylight. The
seus would not have cared whether he 
had left by the entrance or the exit! 

With these rules in mind readers 
may feel ready to try solving a three
dimensional labyrinth. After some ex
tensive research into the matter I offer 
nothing less than a reconstruction of 
Daedalus' original labyrinth. The re-

construction is displayed on the pre
ceding page. Its six levels are all un
derground. The top level (level 1) lies 
just under the heavy stone slabs of the 
courtyard of King Minos' palace. Two 
of the slabs are missing, revealing 
holes. The reader is shown into the 
maze at one of those holes by a bur
ly servant of King Minos. The reader 
might eventually emerge at the other 
hole, for that is the labyrinth's exit. 
Between entrance and exit lie perhaps 
a few adventures and misadventures. 

The six levels of the labyrinth reflect 
the origin of its design: a cube consist
ing of six cells on a side. All horizontal 
passages appear as passages normally 
do in maps of two-dimensional mazes. 
Vertical passages, however, appear as 
solitary squares. A would-be Theseus 
may go from one level to the level 
below by clambering down a hole de
picted as a black square. He or she 
will then emerge in the corresponding 
cell in the underlying level, where the 
reader will find a larger white square 
on the map-the hole through which 
he or she came. Naturally, when a 
reader wants to go up, he or she must 
go to the nearest white square. Some
times one sees a black square inside 
a white one. This simply means that 
from that particular position in the 
labyrinth it is possible to go either up 
or down. 

There are several possible paths 
from entrance to exit in the labyrinth. 

Some readers will be content to find 
just one of them; others may want to 
search for the shortest solution path 
as measured in cells traversed. To 
make it a bit more adventurous, I have 
added a Minotaur to the labyrinth. It 
stands at the one spot where it is 
guaranteed to intercept any innocent 
explorer. I shall mention in a future 
column the first five readers who re
port the spot to me. 

Among the more modern types of 
three-dimensional maze are two that 
stand out. The first is visible, the sec
ond invisible. The visible maze is a 
clear plastic cube that contains an 
arrangement of intersecting, perforat
ed walls. A steel ball rolls along pas
sages created by the walls. The solver 
holds the maze, manipulating it so 
that the ball rolls until it eventual
ly reaches the "finish" position. Such 
a maze, made by the Milton Bradley 
Company, was a favorite in game 
stores a decade ago. Today a similar 
puzzle, called Miller's Maze, is avail
able at Toys-"R"-Us stores. 

The other kind of modern maze 
comes from the workshop of van De
venter in Voorburg, The Netherlands. 
He calls one of his productions a holle 
doolhof, or hollow maze. The terminol
ogy is perfectly reasonable: his mazes 
are wood boxes that contain absolute
ly nothing! Not a passage or wall can 
be seen within, but a three-dimension
al maze nonetheless exists in the box. 

A simple van Deventer maze (left) and its projective cast (right) 
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The secret lies in the sides of the 
pox. They are two-dimensional "con
trol mazes": wood surfaces in which 
slots have been cut. A cursor consist
ing of three mutually perpendicular 
wood spars registers one's position in 
the hollow maze. Each spar passes 
from one side of the box to the other, 
sliding along the slots of the control 
maze on each side. Not surprisingly, 
the two control mazes on opposite 
sides of the box are identical. In this 
way van Deventer can produce a single 
three-dimensional maze from three 
pairs of two-dimensional mazes. 

In the simple example shown on the 
opposite page one starts with the cur
sor in one corner of the box and tries 
to manipulate it into the opposite cor
ner. Each spar is pushed into and 
pulled out of the box, automatically 
moving the other two spars (if possi
ble) along slots in their respective con
trol mazes. It might seem that to solve 
a hollow maze one merely solves each 
of the three control mazes. But this is 
not so. Although each of the control 
mazes can be easily solved, the hollow 
maze is quite difficult. 

The difficulty lies in the fact that 
possible moves on one control maze 
may be blocked by another control 
maze. Moreover, it is not clear in which 
order the cursor's three spars should 
be pushed or pulled. There may be 
several possible moves at any given 
position of the cursor. To solve the 
maze one might as well close one's 
eyes and "feel" one's way through it. In 
such a mode the invisible maze within 
the box takes on a new, tactile reality. 

The invisible maze can in principle 
be made visible by tracing the slots 
of three mutually adjacent control 
mazes onto a solid cube of material 
that can be carved. When the tracing is 
complete, all "nonmaze" material is 
cut away from the solid. The control 
mazes must of course have the same 
orientation as they do on the original 
van Deventer maze. 

Since the process is largely imagi
nary to begin with, I equip myself with 
a laser saw in carrying it out. Position
ing the saw directly over one of the 
cube's faces, I simply follow the traced 
lines, cutting straight through the sol
id as I go. When the cutting is com
plete, I gingerly push all the unwanted 
material out of the cube. It slides away, 
leaving a three-dimensional form that 
corresponds to the slots of the control 
maze. After the same process is re
peated for the other two faces, the 
solid that remains is in effect a "nega
tive" of van Deventer's implicit maze: 
the allowed passages are represented 
by solid posts and beams. I call it a 

projective cast. Readers can see a ren
dition of one on the opposite page. 

Two fascinating questions revolve 
around projective casts. First, when do 
three two-dimensional mazes yield a 
projective cast of a viable three-di
mensional maze? Second, when does 
a projective cast yield three projec
tions that are viable two-dimensional 
mazes? The term "viable maze" ought 
to be defined. It refers to a maze in 
which all passages have unit width 
and there is a path from the "start" to 
the "finish" position. (A viable three
dimensional maze that results from 
three two-dimensional control mazes, 
it seems to me, ought to be called a 
van Deventer maze.) Other conditions 
could readily be suggested, but they 
would relate to the aesthetics of good 
maze design; the proposed definition 
will do for a start. 

One can experiment with very sim
ple control mazes and still be quite 
confounded by what emerges in three 
dimensions. For example, one can con
struct a van Deventer maze from rath
er trivial control mazes consisting 
of 3-by-3 cellular matrices in which 
certain adjoining cells have been re
moved. Readers might enjoy starting 
with three 3-by-3 control mazes hav
ing L-shaped slots in various orienta
tions. How many combinations result 
in van Deventer mazes? 

The other question addresses the 
opposite issue: When does a three
dimensional maze yield three viable 
control mazes as projections? Both 
questions have practical importance 
for van Deventer. An answer to either 
one greatly simplifies the process of 
designing· his mazes. Van Deventer 
himself confesses to having done a 
great deal of actual cutting and trying 
in coming up with more complicated 
hollow mazes. Readers with some
thing to say on the subject should 
write to van Deventer directly at the 
following address: p.a. Dr. Beguinlaan 
44, 2272 AK Voorburg, The Nether
lands. A creative response might well 
result in a second look at van Deventer 
mazes in this department. 

The invisible professor appeared 
in this department in May to 
draw a number of classic exam

ples from the infinite variety of trigo
nometric and algebraic curves. Among 
the many readers who had made prior 
acquaintance with the professor were 
some who had interesting comments 
to make. 

Abe Achkinazi of Bell, Calif., has pro
posed a date between the invisible 
professor and Lucy, the Hewlett-Pack
ard color plotter in the mathematics 

laboratory of the California State Uni
versity at Northridge. The professor 
might enjoy Lucy's Lissajous figures. 
Achkinazi has a program that draws 
straight lines between corresponding 
points on a pair of such figures. In this 
way Lucy produces wild curves clad in 
a kind of moire sheen. 

Tom Dorn of Vancouver, British Co
lumbia, recommends his own program 
BUMBLEBEE. It incorporates the follow
ing parametric equations in which the 
constant a can be varied: 

x = 2 sin(at) 

Y= et sin t
. 

Temple H. Fay of the University 
of Southern Mississippi finds polar 
curves, which are plotted in terms of 
coordinates (r,8) rather than (x,Y), use
ful in teaching calculus. The professor 
plots a butterfly with the aid of sine, 
cosine and exponential functions: 

r= eeo,s 
- 2cos(48) + sin"(8jI2) . 

Commercial and quasi-commercial 
interest runs rampant in the area of 
curves. There are products aplenty to 
aid the amateur charter of curvilinear 
complexity. For example, David E.-B. 
Kennedy, a mathematics teacher at the 
Langley Secondary School in Langley, 
British Columbia, is enthusiastic about 
the Casio fx-7000G calculator-plotter. 
This hand-held marvel displays mini
ature stepped plots of virtually any 
function on a 1.5-by-2-inch display. 

SPIA, an apparently comprehensive 
mathematics program, allows users to 
construct and plot formulas of almost 
any type. Moreover, it includes special 
manipulations such as Fourier trans
forms for those who want to under
stand signal processing. Interested 
readers can write to Moonshadow 
Software, P.O. Box 5974, Baltimore, 
Md. 21208. 

Finally, I have heard from a shad
owy organization called MAL (an ac
ronym for Maths Algorithm Library) 
at P.O. Box 531, Wynnum, Brisbane, 
Q 4l78, Australia. An amusing flyer 
promises MALtreatment to readers in
terested in MALfunctions. MALpractice 
is easy, according to MALadministra
tor Dr. P. ffyske Howden. 

FURTHER RlADING 
BULFINCH'S MYTHOLOGY. Thomas Bul

finch. Carlton House, 1936. 
GODEL, ESCHER, BACH: AN ETERNAL GOLD

EN BRAID. Douglas R. Hofstadter. Basic 
Books, Inc., 1979. 

THE AMATI:UR SCIENTIST. Jearl Walker in 
Scientific American, Vol. 254, No. G, pag
es 120-126; June, 1986. 

SCIENTIFIC AMERICAN September 1988 139 
© 1988 SCIENTIFIC AMERICAN, INC



BOOKS 
Advice by a science adviser 

on how to give science advice 

by Lord Zuckerman 

SCIENCE AND TECHNOLOGY ADVICE 
TO THE PRESIDENT, CONGRESS, AND 
THE JUDICIARY, edited by William 
T. Golden. Pergamon Press ($49.95; 

paperbound, $24.95). 

H
arold Macmillan, one of Brit
ain's most distinguished prime 
ministers, once observed that 

the politician has to run hard to keep 
up with the scientist. At the time, his 
attention was focused on the quest 
for a treaty banning the testing of nu
clear weapons, and he was finding it 
difficult to follow the arguments that 
were then raging about the problem 
of differentiating underground ex
plosions from natural disturbances in 
the earth's crust. He might have said 
the same thing about half of his oth
er political worries: in one way or an
other all were affected by scientific 
and technological considerations. 

It was not always that way for politi
cians. In Britain the uneven distribu
tion of the wealth that was generated 

LORD ZUCKERMAN has had a distin
guished career as an investigator and 
notable experience as a science adviser 
to government. He was educated at the 
University of Cape Town and Universi
ty College Hospital, London, and then 
embarked on a research career in ver
tebrate zoology, including innovative 
studies of the social life of baboons. He 
next turned to endocrinology-he was 
the author of a 1957 SCIENTIFIC AMERI
CAN article on hormones. During World 
War II he studied the wounding effects 
of bonibs and, as chief strategic adviser 
on air operations to Supreme Headquar
ters Allied Expeditionary Forces, devel
oped plans for selective destruction of 
the communications network of north
western Europe. From 1960 until 1966 
he was chief scientific adviser to the Sec
retary of State for Defence; from 1964 to 
1971 he served as chief scientific advis
er to the British government. In 1969 
Lord Zuckerman was named professor 
at large at the University of East Anglia, 
where he is now professor emeritus. 

by the industrial and agricultural revo
lutions of the 18th century changed 
the structure and politiCS of the coun
try only slowly, and the changes that 
did take place came about relatively 
peacefully. Moreover, what was hap
pening in Britain had little immediate 
impact on other countries. In those 
days the extent to which a country 
cultivated and exploited science was 
as much its own business as was the 
way it was governed. 

The situation today is different. 
Wherever they first surface, major in
novations very soon have repercus
sions over the entire world, whetJler 
by stimulating new demand, closing 
down old industry, moving high-cost 
and labor-intensive manufacture from 
richer to poorer countries, or stimulat
ing the sale of arms. The consequen
ces of major technological innovations 
are experienced around the world al
most as fast as they are in the country 
where they emerge. It took decades for 
news of the steam engine to spread 
from the UK, where the machine 
was perfected, to most other parts of 
the world. Today detailed information 
about current high-technology devel
opments of corresponding magnitude 
is available worldwide in no time at all. 
Telecommunications, artificial satel
lites and computers have seen to that. 

Furthermore, there was no debate 
about the interaction of science and 
government when James Watt perfect
ed the steam engine in the latter half 
of the 18th century. Today the exploi
tation of nuclear power not only is 
of major concern to national govern
ments but also has to be monitored 
by agencies of the United Nations. No 
longer are questions of the relation of 
science to government or of so-called 
science policy-or of the place of 
the scientific adviser in the machine 
of government-parochial issues that 
can be dealt with within national 
boundaries. 

William T. Golden, the editor of Sci-
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ence and Technology AdVice, thinks 
the administrative machinery wh€reby 
advice on science and technology is
sues comes to the president of the 
U.S., Congress and the judiciary is not 
all it could be. In true democratic fash
ion he invited 84 men and two women 
(one of the latter a well-known judge 
and the other a Nobel-laureate bio
physicist) to give their views about 
how the situation could be improved. 
His contributors were chosen for their 
"wisdom, experience, and love of 
country, without regard to political 
affiliations." Given their diversity of 
experience, it is hardly surprising that 
no single view emerges about what 
best needs to be done. The most in
teresting contributions are those of 
six men who at one time served as 
presidential science adviser. They all 
make it clear that the job was any
thing but simple. 

It was the shock occasioned by the 
launch in 1957 of the first Sputnik by 
the U.S.S.R that stimulated President 
Eisenhower to appoint James R. Killi
an, Jr., president of the Massachusetts 
Institute of Technology, as the presi
dential science adviser, and to set up 
at the same time a President's Science 
Advisory Committee (PSAC). Eisenhow
er's reason was that he needed impar
tial help in deciding among the nu
merous proposals he was receiving 
about how to react to the "threat" that 
Sputnik posed. 

George Kistiakowsky, who replaced 
Killian in 1959 and served until the 
Kennedy Administration took over in 
1961, told Golden that he and Killian 
had a relatively easy time in dealing 
with these matters. They were matters 
in which the president had an immedi
ate "substantive and political" inter
est. Moreover, Eisenhower was ready 
to accord his scientific adviser the 
authority of his own name in deal
ing with the officials who directed the 
scientific and technological affairs of 
executive departments-not only De
fense but also the smaller specialized 
agencies concerned with space, energy 
and the environment. 

What also helped was that Kistia
kowsky, like Killian, got on well with 
other cabinet officers in the White 
House. He had been left with no doubt 
that for the Government to be effec
tive it was essential that the team 
around the president include a sci
ence advisory organization and a sci
ence adviser of "the right caliber," just 
as the president had to have legal and 
economic advisers. The man or wom
an selected for the top post had to be 
someone in whom the president had 
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sufficient confidence to delegate the 
"authority to speak for the president 
in defined areas." 

Jerome B. Wiesner, who served as 
President Kennedy's science adviser, 
is of the same opinion. He sees the 
president as playing "a central role in 
balancing the priorities of the nation, 
especially those aspects that are dom
inated by the Federal Government, as 
is the case with science and technolo
gy." He had been vested by the preSi
dent with the same authority Eisen
hower had accorded his advisers: total 
oversight of "all science and technolo
gy programs in the Government and in 
related education programs." 

A large part of Wiesner's and PSAC'S 

work continued to be screening the 
"avalanche" of new military and space 
projects that confronted the presi
dent. He and PSAC played an important 
role in the deliberations that led up to 
the Partial Test Ban Treaty of 1963. 

Although he may not have taken part 
in discussions of the foreign policy 
and defense matters that were the 
particular concern of McGeorge Bun
dy, the president's special assistant 
for national security, and of Secretary 
of Defense Robert S. McNamara, he 
was certainly not "shut out" from 
them (as Kistiakowsky suggests he 
was) to the extent to which Henry 
Kissinger saw to it that President Nix
on's science adviser, Edward E. David, 
was later ignored. KiSSinger had no 
need for scientific advisers. 

"Basically," as Wiesner points out, 
"the question of who provides the 
advice boils down to a competition 
for control of presidential decisions." 
Wiesner also warns that it is useless to 
tender advice to someone who either 
does not want advice or does not like 
the advice that is tendered. 

It was for this reason that President 
Nixon in 1973 abolished PSAC and the 
position of science adviser. Nixon took 
the step because some members of 
the committee had made public their 
disagreement with the views he was 
entertaining at the time about the 
merits of anti-ballistic-missile sys
tems and about the need for super
sonic air transport. The members who 
had spoken out had violated a con
vention of confidentiality that Wies
ner says had governed PSAC'S delibera
tions up to then. (There was, however, 
no leakage of classified information.) 

Almost alone among the contribu
tors to Golden's anthology who held 
the position of science adviser to the 
president or had been members of 
PSAC, Edward David does not favor 
the reinstatement of the committee. 
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His main criticism is that it had be
come "part of the political fabric of the 
White House." The science adviser and 
the members of PSAC were being se
lected, he suggests, in the same way as 
political appointees-the implication 
being that no one was selected if it 
was known that he was· hostile to the 
president's political views. In some 
quarters it was therefore thought that 
PSAC did not provide "politically neu
tral, objective advice." 

For example, industrialists with an 
interest in big defense contracts did 
not like judgments on their affairs 
being made behind the committee's 
closed doors. If PSAC gave the thumbs 
down to some ambitious and costly 
project that had been submitted to the 
president for approval, and he accept
ed the committee's advice, those who 
had wanted the verdict to go the other 
way would be bound to cry "Foul!" For 
this reason and others David puts for
ward the novel proposal that PSAC 

and the office of the science adviser 
should be replaced by a "Federal Con
tract Research Center." This would be 
a "private, nonprofit corporation char
tered to work exclUSively for the Fed
eral Government," to which any mem
ber of the White House staff could 
turn for advice. If a president thought 
he needed a personal science adviser 
as well, that would be up to him. 

George A Keyworth II, who for five 
years was President Reagan's science 
adviser (the post had been reinstated 
by President Carter), is also lukewarm 
about having a science advisory com
mittee that reports directly to the 
president As he sees it, PSAC brought 
about its own demise when it began 
publicly to advocate "political actions" 
that were contrary to what the pres
ident wanted (something that Key
worth, as a major protagonist of the 
Strategic Defense Initiative, certainly 
avoided dOing!). 

There were no risks of this happen
ing in the case of the so-styled White 
House Science Council, which Key
worth set up as an advisory body 
to himself. Keyworth also discovered 
that "the science advisory mechanism 
is most active-and most important" 
not at the presidential level but at the 
level of the White House senior staff. 
To ensure the proper implementation 
of science and technology policy, Key
worth's major recipe for change would 
be a new executive Department of Sci
ence and Technology, under whose 
"managerial roof' all major science 
programs of other departments would 
be brought 

Only two of the contributors to the 
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book were at the receiving end of the 
advice tendered by the PSAC mas:hin
ery: ex-president Ford and McGeorge 
Bundy. Bundy agrees with Edward Da-. 
vid that the White House is no place 
for anyone who does not enjoy the 
president's trust That is clearly a nec
essary speCification for a chief science 
adviser. Contrary to what David advo
cates, however, Bundy is strongly of 
the opinion that it is time to reestab
lish PSAC in its original form and to 
appoint as science adviser a person of 
standing in the world of science. The 
adviser should, as L L Rabi once put it, 
be someone who could serve as "a 
spokesman of, not for, the scientific 
community," someone with the right 
personality to work with the presi
dent's other top officers, and with the 
prestige to recommend to the preSi
dent, as members of PSAC, appropri
ately eminent individuals in the world 
of science. 

President Ford wisely reminds the 
reader that "personal taste" will al
ways play a major part in determining 
how presidents deal with scientific 
matters and scientific advice. Scientif
ic and technological judgments neces
sarily have to be taken into account in 
reaching decisions on many matters, 
but even where they are critical, as in 
defense and energy, they may be over
shadowed by other considerations. 
President Ford also warns that a preSi
dent's list of priorities is always sub
ject to sudden change because of 
"surprises." Yet without the "compe
tent technical assistance" that can be 
provided by "a strong White House 
science and technology office," a pres
ident "could, and probably would, 
make serious errors of judgment af
fecting our nation's future security, 
health and prosperity." 

It would have been alarming had 
President Ford said anything different 
At the same time what he says does 
not indicate just how the presidential 
need for scientific advice can be most 
effectively satisfied, or just where a 
central scientific organization should 
focus its attention. Some issues are 
obvious, and clearly they apply to all 
countries. 

First, it is generally agreed that in 
the interests of national welfare and 
security it is necessary to encourage 
the growth and spread of scientific 
knowledge. A central scientific advis
ory body should be in a position to 
advise the chief executive on whether 
or not the country's educational insti
tutions are turning out enough ade
quately educated manpower to fill the 
jobs that determine the well-being of 

© 1988 SCIENTIFIC AMERICAN, INC



the nation. A president, a prime minis
ter or a general secretary has to feel 
confident that everything that can 
usefully be done to satisfy this objec
tive is being done, given the resources 
that can be made available. Equally, he 
must understand that what cannot be 
done is to legislate for the emergence 
either of scientific geniuses or of the 
revolutionary new scientific ideas that 
are likely to have the greatest benefi
cial impact on the nation's future. 

Second, it should be the business of 
the top science adviser and a central 
adviSOry committee to help the head 
of government deal with the major 
new technical issues that so often 
float up to the top levels of govern
ment for decision. The need for the 
kind of scientific help that President 
Eisenhower felt he had to have in deal
ing with big defense projects has also 
not disappeared. In fact, it has wid
ened with the emergence of ever more 
problems that have to be dealt with 
scientifically. These include-to men
tion only a few-previously unsus
pected problems in environmental 
control and in ensuring the safety of 
new classes of drugs and agricultural 
chemicals, and problems relating to 
genetic engineering, to the disposal of 
radioactive waste, to air safety and to 
AIDS. All these issues, and many more, 
call for balanced scientific advice at 
the top. Many of them can be dealt 
with effectively only by international 
scientific cooperation. 

On the other hand, some issues 
clearly do not come into the purview 
of a central scientific advisory estab
lishment-in particular those politi
cal matters where scientists may have 
views as ordinary citizens but bring no 
specialized knowledge to bear. For ex
ample, it is not for a scientific advis
er to say that in the interests of so
cial justice the level of unemployment 
benefits should be raised. 

There is, however, a gray area. Al
most immediately after my own ap
pointment in 1960 as a full-time scien
tific adviser to the British government, 
Kistiakowsky and I arranged to meet 
twice a year (each accompanied by a 
few selected colleagues) to discuss 
matters of our own choosing, without 
according our deliberations any offi
cial status. These meetings continued 
through the period when Wiesner and 
then Don Hornig and Lee DuBridge 
served successively as presidential 
science adviser, that is to say for some 
10 years. 

The agenda for our first meeting, 
which took place in London, focused 
on NATO defense policy and on the 

proposed treaty to ban nuclear tests 
that was then under discussion. In the 
diary Kistiakowsky later published, he 
wrote that when the U.S. Joint Chiefs 
of Staff saw our report, they would 
"hit the roof because we definitely 
poached on their territory." Worse, we 
had come to conclusions about NATO 

policy that challenged current military 
doctrine. He also records that before 
he could invite me to Washington for 
our second meeting, he had to seek 
the approval not only of General 
Goodpaster, the president's defense 
aide, but also of the Secretary of State 
and the Defense Secretary. 

I was under no such constraints. As 
the government's chief scientific ad
viser, I had a free hand to decide what 
items of government policy were 
affected by scientific considerations 
and, having studied the matter, to de
cide whether to proffer my views ei
ther to the prime minister or to other 
cabinet ministers, senior civil servants 
or the military. Needless to say, I had 
more formal statutory duties as well. 

Obviously the size and content of 
the gray area for a central science 
adviser will always vary in accordance 
with the way a president or a prime 
minister goes about his business, and 
with the personalities involved. Differ
ences in the constitutional patterns of 
different countries also make it cer
tain that there cannot be a uniform 
blueprint that sets out how a cen
tral scientific organization should be 
organized. The system has changed 
more than once over recent years in 
the U.S. So it has in the UK and 
in other countries. Departments and 
ministers of science, of education and 
science and even of technology have 
come and gone. Official international 
conferences have been called to con
sider how to bring scientific aware
ness into the top councils of govern
ment, but there is still no single view 
of how that can best be done. 

What is clear, as is pointed out by 
Harvey Brooks, a distinguished phYSi
cist who served for many years on 
PSAC and who contributes to Golden's 
volume, is that top scientific advisers 
and members of PSAC'S should always 
distinguish between what he calls 
"policy for science" and "science for 
policy." They need, in other words, to 
distinguish between governmental de
cisions relating to the growth and ef
fective application of scientific knowl
edge, and decisions that relate to gen
eral government policy and that are 
affected by scientific considerations. 

In my view, PSAC in its heyday was 
a far more effective scientific adviso-

ry body than the Central AdviSOry 
Council on Scientific Policy, the corre
sponding institution in the UK The 
U.S. committee, unlike the British 
council, dealt with defense matters 
and was kept informed about many 
affairs of state where it was regarded 
as useful to ventilate the views of an 
independent body of scientists. There 
were other reasons, essentially consti
tutional, for the British top AdviSOry 
Council's being unable to act like a 
PSAC. In particular there was the fact 
that in the UK the separate depart
ments of state are not extensions of 
the presidential executive arm but em
pires that operate on their own (al
though subject to overall government 
policy and to the financial constraints, 
agreed on at cabinet level, imposed by 
the Treasury). 

There were also differences between 
the position of the president's adviser 
and my pOSition as chief scientific 
adviser. Once appointed, and until my 
retirement, I served a succession of 
governments, Conservative and La
bour alike, but always with direct ac
cess to the prime minister of the day. 
As his adviser I had to deal directly 
with departmental ministers of cab
inet rank and with their officials. 
Throughout my period of service I was 
not debarred from giving-and indeed 
was often encouraged to give-my 
views on matters of national security 
policy that seem to have been taboo 
for the president's science adviser. My 
responsibilities also brought me into 
direct contact with the central scien
tific organizations of several other 
countries, and in particular with PSAC. 

Still, regardless of the administra
tive differences in the way we worked, 
and of the degree of license we en
joyed, I would judge that Kistiakow
sky, Wiesner and I dealt in much the 
same way with the science-dominated 
problems that concerned our respec
tive governments. Many issues (such 
as those that fell into the "environ
ment" category) were usually noncon
troversial. Others (such as the political 
problems that today are posed by AIDS 

or holes in the ozone layer, and with 
which our successors have to con
tend) called for a great deal of specific 
inquiry. A few (such as the SOl in the 
U.S. today) were inherently and over
whelmingly controversial. It is prob
lems that fall into the last category 
that have drawn most fire from critics 
of the relations between a president 
and his scientific advisers. 

What, then, determines the degree 
of faith and trust a president has in 
the man he appoints as his science 
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adviser? Why does a president some
times take his scientific advice from 
someone he has not appointed public
ly to any position of authority? 

The issue of political partisanship, 
independence and objectivity will al
ways remain an open question. In 
dealing with it I would, however, com
mend the British system as a better 
model than the American. The post of 
chief scientific adviser to the British 
government follows civil service rules. 
Whatever party was in power, I served 
impartially, as all civil servants do. I 
was never expected to express-and 
never did express-a view about do
mestic issues that were the subject of 
party political debate. Nor was it ever 
expected that I would trim my own 
views about defense, or any other mat
ters of policy with which I was con
cerned, to suit the views of the reign
ing party. 

As far as I know, no rule or principle 
debarred members of PSAC, whatever 
their political affiliation, from contin
uing to serve from one presidency to 
the next, Republican or Democratic. 
Why should the same practice not ap
ply to all presidential science advis
ers, given that an incoming president 
wants to retain his predecessor's ap
pointee and that the latter wishes to 
continue? There is more than one 
precedent for this in the case of non
scientific U.S. cabinet officers. At the 
very least, such a practice would mini
mize any suspicions of a science ad
viser's lack of political impartiality. 
Anyhow, I cannot think that Edward 
David's Federal Contract Research 
Center would fare any better than a 
PSAC when it comes to accusations 
of bias and prejudice. That comment 
also applies to "science courts," to 
which it has been proposed that major 
controversial technical issues should 
be referred: some people would al
ways feel that bias had played a part in 
the choice of the judges. 

In short, it is all but impossible to 
give precise meaning to such terms 
as "independence" and "objectivity" as 
they apply to science advisers and to 
PSAC'S. To some extent the issue of 
independence is taken care of by the 
fact that members of a PSAC or a Cen
tral Advisory Council on Scientific Pol
icy are unpaid. Moreover, it is not diffi
cult to set out a job speCification for 
the post of chief scientific adviser and 
to list criteria that the successful ap
pointee should satisfy. But in the end 
it is chance, the unpredictable interre
lations of all who advise and the re
ceptivity of the person who is advised 
that determine the outcome. The sci-
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entific adviser's job is to consider and 
advise. Advising demands the exercise 
of judgment, whose quality may or 
may not be determined by "objectivi
ty." Whether or not the scientist's ado

' 

vice is accepted, it should, as Rabi puts 
it, be understood and considered. 

For his part, the science adviser 
needs to remember that there are oth
er advisers who may be proffering 
different advice on the same issues 
on which he is commenting, and that 
their views also need to be understood 
and considered. But whatever else, 
a scientist's advice should never be 
trimmed to accord with what the pres
ident likes or dislikes. 

_ There is, of course, no reason why a 
scientist who has kept himself in
formed about what is happening in 
the world at large should prove any 
less able to serve as director of the 
National Security Council than a law
yer or a businessman or an academic 
social historian. Throughout Winston 
Churchill's years as Britain's prime 
minister, he turned for advice more to 
his physicist friend Professor F. A. lin
demann, later Lord Cherwell (whom he 
appointed to his cabinet both during 
and after the war), than he did to any 
of his other ministers. 

Science, as Rabi said, has become 
"the basic element, the novel element 
in our culture over the last four or five 
hundred years." We have, he said, "to 
live with it congenially," otherwise it 
could destroy us. The "we" is all of us. 
The problem that all countries now 
face is how to build up a "college" 
of scientists of standing who have 
enough intellectual curiosity, enough 
flexibility of mind, to serve as advisers 
at the center of government and at the 
same time to retain the trust and re
spect of the scientific community of 
which they are members. 

Many of the political problems that 
will determine man's fate are con
ditioned by technical considerations 
that have no respect for national 
boundaries. Mr. Golden made "love of 
country" one of the criteria by which 
he selected his contributors. Love of 
country in the sense of narrow patri
otism is no longer enough. What mat
ters more is whether scientists can 
help their political leaders to steer us 
through the next few decades into a 
future that is less beset by conflict
ing nationalistic aspirations than the 
present is-a future in which science 
is brought to bear, and brought to bear 
internationally, on the emerging and 
still undisclosed environmental and 
other problems that will determine 
the survival of our species. 
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