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THE COVER 

The satellite image on the cover shows Cairo (reddish patch) sprawling in 
the Nile Delta. The image, made from data gathered by Landsat 2, has been 
processed to yield colors resembling those perceived by the eye, Cairo and 
its environs form Egypt's "core," the region containing most of the coun
try's industry and urban population. Cairo has grown rapidly since World 
War II. The city, one of the densest urban areas in the world, has more than 
10 million residents. Congestion and environmental pollution are so severe 
that they appear to have inhibited further growth: Cairo is now expand
Ing more slowly than Egypt as a whole. The uncontrolled growth of core re
gions presents grave problems in many developing nations (see "The Growth 
of Core Regions in the Third World," by Daniel R. Vining, Jr., page 42). 
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THE AZTECS 
The Rape of the Nile author 
here constructs an irresistibly 
readable story of one of the world's 
most flamboy ant, least under
stood early civilizations. Exten
sively illustrated, The Aztecs is 
unique in its chronological ex
amination of the civilization as a 
smoothly functioning society at 
the height of its powers. 

Fagan draws from a variety of 
research sources, including the 
codices compiled by sixteenth 
century friars, to convey the full 
flavor and detail of early Mexican 
life and culture. W ith its com
prehensive maps, fme graphics, 
and wide-ranging photos, The 
Aztecs is certain to be the 
de£mitive book on the subject for 
many y ears. 

CLASH OF 
CULTURES 

This is a captivating journey 
through a momentous chapter of 
recent human history, the period 
in which Western civilization flISt 
came into contact with the full 
range of human biological and 
cultural diversity. Though the 
legacies of this chapter haunt us to 
this day, no book until now has 
fully explored the implicit conse
quences of this interaction. 

Clash of Cultures is a book 
about my th and reality, about no
ble deeds and scurrilous dealings. 
Above all, it is a story of ordinary 
people pursuing their day -to-day 
goals, making decisions that were 
to have tragic and unimagined' 
consequences in later genera
tions. 

Available at fme bookstores 

I
_ 

everywhere, or order from . • 
the publisher: 

W H. FREEMAN AND COMPANY 
4419 West 1980 South 
Salt Lake City, Utah 84104 

If ordering by mail, please add $1.50 for postage and handling; 
New York, California, and Utah residents add appropriate sales tax. 
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Everybody knows the old saying about building a better mousetrap, and nowhere is it 
more dramatically pertinent than in competing with Japan for world markets. 

Consider Motorola's KDTTM portable data communications system. It provides two
way communications between a 28-ounce terminal and a remote host computer. The 
system uses a digital radio instead of phone lines, and its transmission reliability is actually 
equal to or better than ordinary phone lines. 

Think of the possibilities the KDT opens. 
Salespeople will be able to punch in orders directly from the field, and have access to 

data without looking for phones, leaving messages, or wasting valuable time on "hold:' 
Service representatives will be able to directly enter data that used to go into 

mailboxes; such as repair reports, parts used or needed, and billing instructions. 
It will also be simple to make detailed inquiries. Data may be summoned as easily as 

entered. A service technician, for instance, will 
be able to order up complex repair histories 
and component availabilities in a few seconds. 

The system was designed and developed 
with a key customer and built by Motorola 
people to enhance the distribution and process
ing of data with central computers. And it is 
far more than a nice little improvement on the 
old phone-link, AC-powered terminal. This is a 
major step in a communications revolution -
the merging of technologies of the communi
cations and the data processing disciplines. 

Digital communication by radio makes far 
more efficient use of the available channels 
than voice transmissions ever could. Over a 
thousand portable terminal users can operate 
on a single channel with average message 
traffic. The battery operated KDT terminal 
shown here contains the two-way radio, an internal antenna, and processing power and 
memory surpassing that of many personal computers (actually, 160K bytes of ROM and 
expandable to 80K bytes of RAM). The unit also contains a telephone modem for use over 
conventional voice-quality phone lines if ever required. 

The terminal's dual microprocessor architecture is based on the Motorola 6801 design. 
One processor is dedicated to the communications function while the other handles the 
unit's data processing. 

The KDT terminal is just part of an extensive support system, of course. And it is 
representative of one of the oldest and most reliable rules of trade: build a better mousetrap, 
and the world will beat a path to your door. 

W ith the KDT, the electronic office can be carried in a pocket. 
In our view, that's quite a mousetrap. 
For more information, call 1-800-367-2346. 

® MOTOROLA A World Leader in Electronics. 

Quality and productivity through employee participation in management. 

© 1984 Motorola Inc KDT. Motorola, and ® are registered trademarks of Motorola, Inc. 
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We, at Questar Corporation, produce the finest catadioptric 
instruments in the world. We also incorporate them into turnkey 

integrated imaging systems. It takes a company which has been on 
the frontier for thirty years to conceptualize ·and deliver the 
sophisticated testing and monitoring that today's advanced 
technology in production methods requires. Questar's diffraction 
limited optics provide the highest contrast and resolution possible, 
at distances no other lens in the world can claim: making them the 

first choice for applications out of the ordinary. 

1 

2 

3 

Consider, for example, the following inspection problems that 
have been brought to us and how these problems were solved: 

All sUrfaces of the complex geometry of a small manufactured part 

are to be inspected and the inspection documented. 

Questar introduced a multiaxis programmed positioner, 

especially designed for the purpose, to provide a constantly 

focussed image of the part, in combination with the Questar QM 1, 
capable of resolving 2.5 microns at 60 centimeters from the 

subject. This distance gave the operator and pOSitioner the 
necessary room to move and illuminate the part and provided 

sufficient depth of field to solve the inspection problem. The result 
was an operator-assisted system with complete archiving capability 
provided by an extremely high-resolution video recorder. 

In a food packaging problem, both sides of a bag seal require 

inspection in the production process. As the bag emerges from a 

shrouded enclosure in which it is filled and sealed, it pauses for a 

third of a second before dropping into a bin. The environment is 

wet and no straight line of sight to the seal is available. 

By using rapid-repeat translation of mirrors and relay optics, the 
Questar system generated a high resolution image from a QM 1 
and camera twelve feet above the production environment. Result: 
it processed the image, inspected the seal, accepted or rejected it, 

and was ready for the next bag less than one second later. 

In a research and development application the Questar system is 

asked to observe the transfer of toner particles from a reservoir to 

the roller in a copying machine. The process lasts less than a 

second, with individual particles 5 to 8 microns in diameter, and 

the gap between reservoir and roller a fraction of a millimeter. 

The Questar solution combined, at a distance of 25 inches, the 
QM 1, the collimated beam of a 1,000,000 candle-power light 
source, and a high-speed video camera that recorded 4000 pictures 

a second. The images obtained made it possible to plot 

acceleration; trajectory and agglomeration, and to map particle 
density as a function of time. 

We invite your inquiry when you have a unique problem that may 

be solved by one of our superb optical systems. In many cases your 

need will have.been encountered already by our designers. Often 
our award-winning QM 1 is at the heart of such a solution. Where 

an even more sophisticated answer is needed, however, we have 
the capability of designing precisely for your requirements. 

Call on us: we solve problems. 

© Questar Corporation, 1985 

QUESTAR 
P.O. Box 59, Dept. 2 10, New Hope, PA 18938 (215) 862-5277 

LETTERS 

To the Editors: 
Richard P. Turco, Owen B. Toon, 

Thomas P. Ackerman, James B. Pol
lack and Carl Sagan (TT APS) ["Let
ters," SCIENTIFIC AMERICAN, January] 
accuse me of "erroneously" expecting 
a significant greenhouse effect instead 
of a nuclear winter in my Wall Street 

Journal editorial essay (February 3, 
1984). They then state: "Deficiencies 
in Singer's article were pointed out in 
a subsequent issue of the Wall Street 
Journal (February 16, 1984)." They 
fail to inform the reader, however, that 
the "pointing out" was done not by an 
independent scientist but in a letter to 
the editor written by Carl Sagan, who 
is hardly an unbiased referee. 

Not only are TT APS unfairly dis
guising the source of criticism by using 
the passive tense but also they are mis
representing what I wrote. The "nucle
ar summer" (as I have called it) is 
not the expected but simply a possible 
outcome of plausible assumptions fed 
into a TT APS-like model. Whether the 
warming is more likely than the ex
treme freeze I cannot say-nor can 
anyone else, in the absence of reliable 
data and more appropriate models. I 
can only state that V. Ramanathan of 
the National Center for Atmospher
ic Research (NCAR) has independently 
pointed to the possibility of surface 
heating due to a greenhouse effect, and 
that Robert D. Cess of the State Uni
versity of New York at Stony Brook 
and V. Ramaswamy and Jeffrey T. 
Kiehl of NCAR have papers in publica
tion that show warming is possible. 

To quote from my essay: "My pur
pose is to illustrate the extreme diffi
culty of making accurate predictions 
of the global environmental effects 
of a nuclear exchange. Prof. Sagan's 
scenario may well be correct, but the 
range of uncertainty is so great both 
because of the set of assumptions used 
and what has been left out in discuss
ing the physics of the situation that the 
prediction isn't particularly useful." 

S. FRED SINGER 

George Mason University 
Fairfax, Va. 

To the Editors: 
An experience I had a number of 

years ago leads me to question the as
sertion of Philip H. Brownell ["Prey 
Detection by the Sand Scorpion," SCi

ENTIFIC AMERICAN, December, 1984] 
that scorpions occupy a terminal posi
tion in the food chain. 
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While spending a summer near 
Palmdale, Calif., one day I happened 
on an old water tower with a foun
dation built of fieldstone. The lower 
structure had an entranceway but no 
door and apparently was not in use. 

The circular floor of the structure 
(about six feet in diameter) was literal
ly covered with scorpion exoskeleton 
parts. It looked like an arachnid ver
sion of the fabled elephant graveyard. 
I could find no other evidence of ani
mal life (other animal parts, fecal pel
lets, etc.), although a thorough analysis 
of the debris was not made. 

I remained completely mystified by 
this discovery until I visited the site 
several days later after dark and ob
served several bats flying in and out of 
the structure's entranceway. I conclud
ed the bats were collecting scorpions in 
the vicinity of the water tower and us
ing the structure as a feeding station, 
returning to their home cave at dawn. 
Unfortunately I was not able to ob
serve bats actually capturing scorpions 
nor did I have the equipment necessary 
to photograph the bats feeding. 

If I had known that this apparent 
predator-prey relationship was not 
well known, I would have taken more 
care to document it. Perhaps this could 
be an interesting project if another 
such feeding site can be found. 

ROBERT L. HADDOCK 

Department of Public Health 
and Social Services 

Government of Guam 
Agana, Guam 

To the Editors: 
To my knowledge, Dr. Haddock's 

discovery of "scorpion Valhalla" is 
unprecedented, and it certainly gives 
good reason to ask whether bats are 
able to capture scorpions through echo 
location. Interestingly, in the course 
of our studies of the sand scorpion 
Roger D. Farley and I noted that scor
pions were relatively unresponsive to 
low-frequency sounds in air, but they 
were easily aroused into defensive or 
escape responses when high-frequency 
sounds (specifically the jingling of a 
key chain) were presented from a dis
tance of one or two meters. We attrib
uted this sensitivity to very fine hair 
sensilla (the trichobothria) on the peti
palps, but we could not imagine what 
purpose this sensitivity might serve. 
Dr. Haddock's observation may pro
vide an important clue. 

PHILIP H. BROWNELL 

Oregon State University 
Corvallis, Ore. 

C'f'lrnnt·Y'lInrr So tune in to N 
It will make youa little brighter too. 
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With BERLITZ® ... It Takes Less Time 

Than You Think to Learn 
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Try The BERLITZ" Learn
At-Home La nguage 
Course for 10 Days ... 
RISK-FREE. 

The ease and effectiveness of this remarkable learn-at-home program should come as 
no surprise. It has been developed by the experts at Berlitz.' a name synonymous with 
excellence in language instruction. Begin with the famous Berlitz ZERO exercises, so named 
because they start you "from zero" in learning your new language. This course. which 
comes in a handsome briefcase. contains the 90-minute ZERO cassette, 40 lessons on five 
60-minute cassettes. 6 illustrated word and phrase books. and a verb tense finder. If your 
company is not reimbursing you for this course, the cost is tax deductible if used for 
business purposes. If not satisfied. return within 10 days. and receive a full refund. 
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50 AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

APRIL, 1935: "Uncle Sam now has 
underway one of his greatest construc
tion projects, on the Columbia River in 
central Washington, 92 miles west of 
Spokane�it is the Grand Coulee Dam. 
The dam is to be built in two units�a 
high dam and a low dam. The low dam 
is exclusively a power development, 
whereas the high dam will be a combi
nation power, irrigation, flood control, 
storage and navigation development. 
The Grand Coulee Dam will be the 
largest power development possible in 
North America. The high dam will de
velop three times the power of Muscle 
Shoals, 50 percent more power than 
Boulder Dam or as much as the total 
installed capacity of Niagara. Army 
engineers estimate that completion of 
the Columbia Basin project will add 
1,403,000 people to the population of 
the Pacific Northwest." . 

"Climbing to altitudes of more than 
three miles, Army, Navy and commer
cial pilots will now carry instruments 
aloft each day from 20 airports to re
cord conditions in the higher air and 
give U.S. Weather Bureau experts in
creased data on which to base their 
forecasts.' Each observation pilot has 
attached to the wing of his plane a me
teorograph, an instrument that auto
matically records humidity, tempera
ture and pressure. In addition the pi
lot notes the altitudes of the top and 
bottom of cloud banks, the positions 
and altitudes of rainstorms that nev
er reach the ground and local distur
bances such as thunderstorms and· 
clouds of dust." 

"The true stratosphere plane is not 
yet. Nevertheless, airline operators are 
looking to higher and higher levels and 
actually sending their big transports 
with supercharged motors and. con
trollable pitch propellers into altitudes 
of 12,000 to 20,000 feet for regular 
flying. They are doing this for two rea
sons'. The first is economy and regular
ity of operation; the second,comfort 
for the passengers. On the first count, 
it is well known that at about 18,000 
feet one is normally above the cloud 
area and has perfect visibility.· Favor
ing winds can be selected. On the sec
ond count, when a high-speed airplane 

10 

gets into rough air, the impacts of gusts 
and bumps are much more - severely 
felt than at lower speeds. The passen
gers are due for a very unpleasant ride. 
Airlines in this country are now begin
ning to realize that having sold success
fully the idea of speed, they must now 
give increased attention to the idea of 
a smooth ride." 

APRIL, 1885: "Astronomy has 
made rapid strides in recent years, and 
a great portion of the best work is ef
fected by the aid of photography. One 
eminent astronomer has gone so far as 
to declare that we no longer require 
observers of the heavens, and that their 
place can be better supplied by the 
gelatine plate of the photographer. A 
most important branch of astronomy, 
which is receiving great attention at 
the present, is the mapping of the star
ry heavens; and herein photography 
will perhaps do its best work for as
tronomers. The trial star map by the 
brothers Henry, of a portion of the 
Milky Way which they felt unable to 
observe satisfactorily by -the ordinary 
methods, is so near perfection that it 
alone proves the immense superiority 
of the photographic method." 

"In Paris the new extension of the 
pneumatic postal system is now com
plete and in operation, ramifying un
der the streets in every direction. By 
paymentof fifteen cents, letters may be 
instantly sent by tube to any part of the 
city. These tubes are a great conve
nience to the public, and in time will 
no doubt become an adjunct of the 
postal service of all' large cities. " 

"Few people not actually engaged in 
the metal trade are aware of the won
derful strides made by steel in recent 
years. It is wholly taking the place of 
wrought iron. Steel' is simply a mix
ture of iron and carbon, the quantity 
of carbon ranging from .25 to .02 per 
cent of the mass. It is not only strong
er and for almost every purpose better 
than wrought iron but also cheaper." 

"The census of 1880 gives the num
ber of -persons engaged in gainful oc
cupations as 17,392,000, or 47.31 per 
cent of total persons over 10 years old. 
These were engaged in the four chief 
lines of occupation as follows: agricul
ture, 7,670,000; professional and per
sonal services, 4,074,000; trade and 
transportation; 1,810,000; manufac
turing, mechanical and mining ind us
tries, 3,837,000. Ofthe total 2,647,000 
were women. The number of persons 

over age 10 is 36,761,000, leaving 19,-
369,000 unaccounted for. That' about 
equals the number in school or physi
cally incapable of labor." 

"With the recent improvements in 
materials and apparatus for photo
graphing, there has come a great acces
sion to the ranks of those who, in all 
parts of 'the country, find in this inter
esting study a pleasurable, inexpensive 
and sometimes lucrative employment. 
As is the case, however, in almost ev
ery wide-embracing field of activity, 
there is no noticeable success attained 
except by those who make diligent and 
intelligent application, and this is par
ticularly true with the large number of 
amateur photographers, who find it so 
easy to learn the principal elements of 
what is necessary to make sun pictures 
before they realize how important it is 
to have also some artistic taste and ed
ucation, and to learn the nicety of ma
nipulation required in a thousand deli
cate details which the successful pho
tographer must carefully attend to." 

"Take a Derby hat and close the ven
tilating apertures at the sides, if it have 
any, and remove the wire gauze from 
the ventilator in the top. Cut an oval 
piece out-of a sheet of tracing cloth or 
translucent paper and fix it to the brim 
by means of drawing pins. Next, hav
ing provided yourself with a cloak or 
something of the kind as a photograph
ic veil, go to the window and point 
your objective (the ventilator) at any 
brilliantly lighted object. If your head -
be enclosed in the improvised veil in 
such a way that your hat is also sur
rounded as completely as possible by 
its folds, you will see a reversed and 
reduced image of the object appear 
upon the screen. In a word, you will 
have a practical apparatus which is 
analogous to the camera obscura." 

A camera obscura made from a derby 
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1/ Jeep designed the Grand Wagoneer 
like I design every ocean racer that comes off 

my drawing boar�c:::!£'��T!S�E:��!;: 
Bruce Nelson designs and sails some of the 

world's most impressive ocean racers. Not sur
prisingly, he also owns one of the world's most 
impressive vehicles. The Jeep® Grand Wagoneer. 

Like his world-renowned racing yachts, 
Nelson's Grand Wagoneer was engineered to per
form brilliantly through thick and thin. For when 
the going is rough he can "shift-on-the-fly" into 
the sure-footed traction of 4-wheel drive. But 
while the six-passenger Grand Wagoneer thrives 
on adversity, it also pampers its passengers with 
luxury, prestige and comfort. 

And thanks to its new suspension system, 
the Grand Wagoneer provides its smoothest ride 
ever. Jeep Grand Wagoneer, the wagon designed 
and engineered to win you over. 
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tuCK 
How do you give information access to some and deny others? 

That's the secret that makes SCOMP click. This data security technology 
produced by Honeywell is the first computer system ever awarded 

the top A1 security rating by the Department of Defense. 
Put a lock on sensitive data as strong as the Pentagon's. Talk to us. 
For a white paper on our data security technology, write Security, 

c/o Honeywell, Honeywell Plaza, Minneapolis, MN 55408. 
Or call 1-800-328-5111, ext. 2760. 

Together. we can find the answers. 

Honeywell 
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Macy Fellowships in 
Science Broadcast 
Journalism 
WGBH·Boston, a major producer of broadcast 
programs, including NOVA, seeks six proven 
science writers with a strong record of 
published writing for a general audience. 
Successful applicants will be highly skilled 
journalists willing to risk their talents on a 
new career in broadcast science journalism. 

In return for that commitment, WGBH will 
train Fellows for a year in the special skills 
of communicating science stories on radio 
and television. Training will be rigorous, and 
will require making programs for broadcast, 
in a working professional environment. 

T he Fellowships' second year will begin in 
January, 1986, and carries a stipend of 
$25,000. Applications must be received by 
July 1,1985. 

For details, please send a letter, of interest 
and a resume to: 

Oavid Kuhn, Oirector 
Macy Fellowships 

WGBH 
125 Western Avenue 
Boston, MA 02134 

BetterThan 
Jogging, 
Swimming 
or Cycling 

Nord.clraCk 
Jarless Total Body 

Cardiovascular Exerciser 
Duplicates X-C Skiing For The 

Best Way To Fitness 

NordlcTrack duplicates the smooth rhythmiC total 
body motion of XC Skiing, Recognized by health au' 
thorities as the most effective fitness building exercise 
available. Uniformly exercises more muscles than jog
ging, swimming, cycling and rowing. 

Does Not cause joint or back problems as in jogging. 
Highly effective for weight control and muscle toning. 

Easily Adjustable for arm resistance, leg resistance 
and body height Smooth, quiet action, Folds com· 
pactly to require only 15 by 17 inches of storage area, 
Lifetime quality, 

Used In thousands of homes and many major health 
clubs, universities, and corporate fitness centers. 

Call or Write for FREE BROCHURE 
Toll Free 1·800-32&-5888 MN 612·448·6987 
PSI 124 F Columbia Crt., Chaska, Minn. 55318 
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THE AUTHORS 
DANIEL R. VINING, JR. ("The 

Growth of Core Regions in the Third 
World"), is associate professor of re
gional science at the University of 
Pennsylvania, where he is also a mem
ber of the Population Studies Center. 
He did his undergraduate work at Yale 
University, getting a B.A. in 1966. He 
earned a master's degree in 1971 at 
Princeton University and a Ph.D. in 
1974 from Carnegie-Mellon Univer
sity. Since 1974 he has been on the fac
ulty at Pennsylvania. Among Vining's 
interests are the almost universally low 
fertility of wealthy populations such as 
those of western Europe, North Amer
ica, Japan and Singapore, the pace 
of immigration from regions of high 
popUlation growth to regions of low 
population growth, and global scarci
ties of resources. 

GREGOR Y E. VINK, W. JASON 
MORGAN and PETER R. VOGT 
("The Earth's Hot Spots") specialize in 
marine geophysics. Vink is a guest in
vestigator at the U. S. Naval Research 
Laboratory in Washington, D.C., with 
a postdoctoral fellowship from the 
National Research Council of the Na
tional Academy of Sciences, Morgan 
is professor of geophysics at Princeton 
University and Vogt is a staff geophys
icist at the Naval Research Labora
tory. Vink got his B.A. at Colgate 
University in 1979 and his Ph,D. 
from Princeton in 1983; his disserta
tion described the tectonic evolution 
of the Norwegian-Greenland Sea and 
the Arctic Ocean. Morgan went to the 
Georgia Institute of Technology as an 
undergraduate and received a Ph.D. in 
physics from Princeton in 1964, where 
he has remained. Vogt was educated at 
the California Institute of Technology 
and the University of Wisconsin at 
Madison, which granted him a Ph.D. 
in oceanography in 1968. He worked 
in the U,S. Naval Oceanographic Of
fice until 1975 and then joined the Na
val Research Laboratory; he holds a 
concurrent post at the University of 
Oslo. In 1975 Vogt served as co-chief 
scientist on the Glomar Challenger 
deep-sea drilling expeqition to the 
North Atlantic. 

YVES DUN ANT and MAURICE 
ISRA�L ("The Release of Acetylcho
line") are respectively professor of 
pharmacology on the faculty of medi
cine of the University of Geneva and 
director of research at the National 
Center for Scientific Research (CNRS) 
at Gif-sur-YveUe, France. They have 
been occasional collaborators since 

1969, when they met at a symposium 
on acetylcholine release. Dunant stud
ied medicine as an undergraduate at 
the universities of Lausanne, Paris and 
Geneva; in 1961 he got a diploma in 
tropical medicine at the University of 
BaseL After practicing medicine in 
Kinshasa, Zaire, he returned to Europe 
and began to study the transmission of 
nerve impulses across synapses, the 
focus of his work since then. Israel 
earned degrees in medicine and bio
chemistry from the University of Paris 
in 1963. He received his doctorate from 
the University of Paris in 1969 for 
work on cholinergic vesicles in the 
electric organ of the torpedo fish and 
on the localization of cholinergic en
zymes in neuromuscular synapses. 

CHRIS QUIGG ("Elementary Par
ticles and Forces") is head of the theo
retical physics department at the Fer
mi National Accelerator Laboratory 
(Fermilab) in Batavia, IlL; he also 
teaches physics as a professor at the 
University of Chicago. He is a gradu
ate of Yale University, where he got 
a B. S. in physics in 1966, and of the 
University of California at Berkeley, 
where he received his Ph.D. in 1970. 
Until 1974 he was at the Institute for 
Theoretical Physics of the State Uni
versity of New York at Stony Brook, 
first as a research associate and then as 
a member of the faculty. In that year 
he moved to Fermilab, where in 19.77 
he took up his present post. While he 
was at the Ecole Normale Superieure 
in Paris from 1981 to 1982 as a visiting 
professor, Quigg wrote a textbook on 
gauge theories. 

ALEX L SHIGO ("Compartmen
talization of Decay in Trees") is chief 
scientist at the U,S. Department of Ag
riculture Forest Service's Northeast
ern Forest Experiment Station in Dur
ham, N.H. He holds an undergraduate 
degree in biology from Waynesburg 
College in Pennsylvania and M.s. and 
Ph.D. degrees in plant pathology from 
West Virginia University, which he re
ceived in 1958 and 1959 respectively. 
Since 1959 he has worked for the For
est Service. Shigo's major area of re
search has been the decay of trees and 
its ramifications: how it occurs, how 
to detect it, how it can be prevented 
and how to grow trees that resist it. 

DON MATHEWSON ("The 
Clouds of Magellan") is professor of 
astronomy at the Australian National 
University in Canberra and director of 
the Mount Stromlo and Siding Spring 
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allowed you petfonn 
any task withcompiete confidence, 
even if you'd never attempted it before. 

Through our continual develop
ment of software programs, Northern 
Telecom instructs information manage
ment systems to perform new tasks. 
Systems evolve instead of age; we give 
them new capabilities by giving them 
new software. 

Our SL-l * digital communications 
system is a good example. Since its 
introduction, our software research and 
development has created literally hun
dreds of useful new features for the 
system. Every feature can be added to 
every SL-l system ever installed. 

As a part of Northern Telecom's 
commitment to the OPEN World* 
approach to information management, 
we're investing over one billion dollars 
in research and development in the next 
five years to evolve new capabilities for 
our information management systems. 

No matter what tasks the future 
holds, our customers can face them 
with confidence . 

......... nutthctn I " tcfccum 

For jitrther in/ormation write: 
Northern Telecom Inc., 

Public Relations Dept., 
259 Cumberland Bend, 

Nashville, TN 37228. 
Oreall 
(615) 256-5900, 
Ext. 4264. 

*Trademark 0/ 
Norlhenr Telecom 
Limited 
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AN INVITATION TO THE 
NOMINATION 

FOB THE KING FAISAL 
INTERNATIONAL PRIZES 

IN MEDICINE 
AND IN SCIENCE 

The General Secretariat of The King Faisal International Prize, in Riyadh, 
Kingdom of Saudi Arabia, has the honour to invite the Universities, Academies, 
Educational Institutions and Research Centers all over the World to nominate 
qualified candidates for: 

1. The King Faisal I nternational Prize in Medicine, which will be awarded 
in 1986. 
Topic: DIABETES MELLITUS 

and 

2. The King Faisal l nternational Prize in Science, which has been postponed 
to 1986. 
Topic: BIOCHEMISTRY 

(a) Selection will be according to the discretion and decision of a Committee 
Consisting of National and I,nternational assessors selected by The Board of 
King Faisal l nternational Prize. 

(b) More than one person may share each prize. 

(c) The Winner's names will be announced in December 1985, and the prizes 
w'iII be awarded in an official ceremony to be held for that purpose in Riyadh, 
Kingdom of Saudi Arabia. 

(d) Each Prize consists of : 

(1) A certificate in the name of the winner containing abstract of his work 
that qualified him for the prize. 

(2) A precious medal. 

(3) A sum of three hundred fifty thousand Saudi Riyals (SR. 350,000) . 

(e) Nominees should satisfy the following conditions: 

1. A nominee must have accomplished an outstanding academic work in the 
subject of the prize leading to the benefit of mankind and enrichment of 
human thought. 

2. The prize will be awarded for specific original researches but the life·time 
background of works will be taken into account. 

3. The works submitted with the nomination for the prize must have 
already been printed and published. If possible, an abstract in Arabic 
should be attached if the works are published in any other language. 

4. The specific works submitted must not have been awarded a prize by any 
international educational institution, scientific organization, or 
foundation. 

5. Nominations must be submitted by leading members of recognised 
educational institutions and of world·fame such as Universities, Acade· 
mies & Research Centers. The nominations of other individuals and 
political parties will not be accepted. 

6. Nominations must give full particulars of the nominee's academic back· 
ground, ex periences and/or his/her publications, copies of his/her educa
tional certificates, if available, and three 6 x 9 cm photographs. The 
nominee's full address and telephone number are also requested. 

7. The nominations and works in ten copies are to be sent by registered air 
mail to the address stated in 10 below. 

8. The latest date for receipt of the full nominations with copies of works is 
the 3rd of August 1985. The nomination papers received after this date 
will not be considered unless the subject of any prize is postponed to the 
following year. 

9. 

10. 

No nomination papers or works will be returned to the senders. 

Enquiries should be made, and nominations should be sent, to the 
Secretary General of The King Faisal International Prize, P.O. Box 
22476, Riyadh 11495, Kingdom of Saudi Arabia, Tlx: 204667 PRIZE SJ. 

Observatories. He holds a bachelor's 
degree from the University of Queens
land and a Ph.D. from the University 
of Manchester. In 1955, after complet
ing his under grad uate ed ucation, he 
joined the division of radiophysics of 
the Commonwealth Scientific and In
dustrial Research Organization (CSIRO) 
in Sydney. He remained there un
til 1966, when he moved to Mount 
Stromlo. Mathewson has done con
siderable work in radio astronomy 
abroad: in England from 1958 to 1960 
as a doctoral student, working with 
the 250-foot radio telescope at Jodrell 
Bank, at Ohio State University from 
1965 to 1966 and at the Leiden Obser
vatory in Holland from 1970 to 1971, 
in both cases as visiting professor. 

PETER M. WINTER and JOHN N. 
MILLER ("Anesthesiology") 

'
are re

spectively chairman of the depart
ment of anesthesiology and critical
care medicine at the University of 
Pittsburgh School of Medicine and 
chairman of the department of anes
thesiology at the University of South 
Alabama College of Medicine. Winter 
did his undergraduate work at Cornell 
University; he earned his M.D. at the 
University of Rochester School of 
Medicine and Dentistry in 1958. He 
trained in anesthesiology at the Massa
chusetts General Hospital. Following 
three years of physiology research at 
the State University of New York at 
Buffalo, Winter joined the faculty at 
the University of Washington, where 
he remained for 10 years before taking 
his present post. Miller received his 
medical degree from the University of 
Sydney in 1963; he did his residency 
in anesthesiology at the University of 
Washington. After finishing his train
ing he taught at Duke University and 
then moved to the University of South 
Alabama. Among Miller's research 
interests is the physiology of diving. 

W. GARRETT SCAIFE ("The Par
sons Steam Turbine") is associate pro
fessor of engineering at Trinity Col
lege of the University of Dublin. After 
getting an engineering degree in 1951 
at the University of London he spent 
six years engaged in power-station de
sign and operation with the Irish Elec
tricity Supply Board. He then worked 
as a design engineer for a manufactur
er of electrical equipment. In 1962 he 
returned to academics at Trinity Col
lege's school of engineering, where he 
began teaching thermodynamics. He 
was granted a doctorate at the Univer
sity of Dublin in 1967 for research into 
the behavior of liquid dielectrics under 
high pressure, a topic that remains the 
focus of his research. Scaife attained 
his present position in 1977. 
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Permanent pleasllres. 
Choose one of these five sets and save up to $30550 

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

The Encyclopedia of Philosophy 
for $24.95 (Pub. price $175) 
Regarded as the most comprehensive 
encyclopedia of philosophy ever published, this 
superb set-compiled in collaboration with the 
world's foremost philosophers-encompasses 
all aspects of ancient, medieval, modern, 
Eastern and Western thought. The four volumes 
represent an essential aid for students and a 
rewarding reference source. 

The Metropolitan Museum of Art 
& The National Gallery of Art 

for $17.95 (Pub. prices total $110) 
The Metropolitan Museum of Art surveys the 
Met's entire collection, with more than 1050 
plates (602 in full color). The National Gallery of 
Art reproduces the gallery's greatest treasures 
with 1120 illustrations, including 1028 plates in 
full color, many printed with gold. 

The Compact Edition of 
The Oxford English Dictionary 
for $24.95 (Pub. price $175) 
"The most com[Jlete, most scholarly dictionary of the Eng
lish language"-The Christian Science Monitor. Through 
photoreduction, the original 13-volume set has been repro
duced in this two-volume Compact Edition. A Bausch & 
Lomb magnifying glass is included. 

The Decline and Fall of the 
Roman Empire by Edward 
Gibbon. Edited by J. B. Bury 
for $24.95 (Pub. prices total $300) 
The definitive Bury edition of the most 
acclaimed history of all. Gibbon evokes a 
world of grandeur and decadence, master
fully tracIng its collapse under emperors 
noble and ignoble. Seven-volume set, 
newly available with maps and illustra
tions on long-lasting acid-free paper, 
quarter-bound in genuine leather. 

The Story of Civilization by Will and Ariel Durant 
for $29.95 (Pub. prices total $335.45) the arts and sciences, the customs and conquests-
For almost half a century Will and Ariel Durant 
traced the continuity of world history-the religions 
and philosophies, the political and economic tides, 

to show the foundations of society today. A Book-of
the-Month Club exclusive for almost 50 years, the 
Durants' illustrated masterwork is history come alive. 

Facts About Membership. As a member you will receive the 
Book-of the-Month Club News@ 15 times a year (about every 
311z weeks). Every issue reviews a Selection and about 150 
other books that we call Alternates, which are carefully 
chosen by our editors. If you want the Selection, do nothing. 
It will be shipped to you automatically. If you want one or 
more Alternates-or no book at all-indicate your decision on 
the Reply Form and return it by the specified date. Return 
Privilege: If the News is delayed and you receive the Selection 
without having had 10 days to notify us, you may return it for 
credit at our expense. Cancellations: Membership may be dis
continued, either by you or by the Club, at any time after you 
have bought four additional books. Join today. With savings 
and choices like these, no wonder Book-of-the-Month Club is 
America's Bookstore. 

BOOK-OF-THE-MONTH CLUB" 
America's Bookstore� since 1926. 

r----------------------------
Book-of-the-Month Club, Inc., Camp Hill, Pennsylvania 17012 A170·4 

Check one box only. 

912. Compact 
OED $24.95 

913. The Story 
of Civ. $29.95 

917. Ency. of 
Philosophy $24.95 

939. Museum/ 

Please enroll me as a member of Book-of-the-Month Club 
and send me the set I have checked at left, billing me for the 
appropriate amount, plus shipping and handling charges. I 
agree to buy four more books during the next two years. A 
shipping and handling charge is added to each shipment. 

Name _______ -;:::;-_-:---:--:-:--;-_____ S.64 
(Please print plainly) 

Address _______________ Apt. __ _ 

Gallery Set $17.95 City ___________________ _ 

951. Decline and 
Fall of the Roman 
Empire $24.95 

State' ______________ Zip ___ _ 

Prices shown are U.S. prices. Outside the U:5., prices are generally higher. 
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COMPUTER 
RECREATIONS 

Five easy pieces for a do loop 

and random-number generator 

by A. K. Dewdney 

H
ow might a cannon be used to 

measure the area of a pond in 
a field? Fire the cannon at the 

field in a great many directions in such 
a way that the shots land at random 
places in the field. The area of the pond 
is approximately the area of the field 
mUltiplied by the number of splashes 
and then divided by the number of 
cannonballs fired. This admittedly sil
ly problem nicely illustrates the role 
random events can play in the simula
tion of a process. The modern comput
er is a particularly useful tool for con
ducting a simulation. In a computer 
randomness comes not from a cannon 
but from a random-number generator. 

Philosophically it is curious that 
random numbers, which are the purest 
expression of our ignorance, should 
underlie our ability to gain new knowl
edge of complex systems. I shall illus
trate this theme in a series of programs 
I call five easy pieces: random numbers 
are used to find an approximate value 
for 71', to simulate the arrival times of 
people at a bank, to investigate a distri
bution of marbles, to generate voting 
patterns and to show how millions of 
people can be made to wait in a queue. 

I offer the five pieces in a musical 
spirit. Learning to play a computer is 
much like learning to play a musical 
instrument, and it can be enjoyed at 
every level of proficiency. Accordingly 
the first piece is the easiest; the last 

piece is probably not difficult. In all 
that follows I shall assume that ran
dom numbers can be obtained with 
the command random. The numbers 
are to be decimals between 0 and 1 
that are several digits long. 

The first piece is related to a prob
lem called Buffon's needle, after 
Count Louis de Buffon, a 19th-century 
French naturalist and mathematician. 
Imagine that a needle i.s thrown ran
domly onto a planked floor a great 
many times. The length of the needle is 
half the width of the planks. The prob
lem is to find the probability that the 
needle will land across a crack. The 
answer turns out to be 1/71'. 

It is certainly possible to write a pro
gram that simulates the tosses of Buf
fon's needle, but there is a much sim
pler way to approximate the value of 71' 

by simulation. The technique borrows 
from the idea of firing a cannon at ran
dom into a field. Imagine a square field 
enclosing a circular pond that touches 
all four sides of the sq uare. If the can
non is fired randomly into the field a 
great many times, the proportion of 
shots landing in the pond approxi
mates the ratio of the area of the circle 
to the area of the sq uare, namely 71' / 4. 

The simulation can be done with a 
simple program called PINT. Represent 
one quadrant of the field, say the 
northeast quadrant, by a unit square. 
The point (0,0) at the southwest corner 

of the quadrant lies at the center of the 
pond, and the point (1,1) at the north
east corner of the quadrant is a corner 
of the field. By choosing two random 
numbers x and y in succession, one can 
simulate a random shot that falls in the 
quadrant. (Remember, each random 
number is a decimal between 0 and 1.) 
Does the shot land in the pond? To find 
out, calculate the distance between the 
point (x,y) and the center of the pond. 
If the distance is 1 or less, record a 
splash and increase a counting vari-. 
able by one unit. A loop in the pro
gram enables one to repeat the experi
ment. When all the shooting is over, 
multiply the resulting ratio by 4; the 
result should be close to 71'. 

If enough readers try this computa
tion, I shall tabulate the results. Send 
me a run of 1,000 shots and I shall 
compute a grand average. Perhaps we 
shall achieve a better value of 71' to
gether than we could individually. 

The next piece exploits a technique 
called the zombie door. Imagine 

watching people coming through the 
door of a bank. All of them have good 
reasons for arriving when they do, and 
if one knew these reasons, one could 
no doubt simulate the arrival times 
exactly. Such knowledge, however, is 
presumably out of reach. To achieve 
the same end many simulation pro
grams apply a special mathematical 
function called the negative exponen
tial distribution. It would take a page 
to explain both the distribution and a . 
rather pretty method for getting arriv
al times out of it. The zombie door is 
much easier to explain; it also gives 
natural-looking results. 

The zombie door is a gap of width 
w in an otherwise impenetrable wall. 
Thousands of zombies march steadily 
toward the wall, and every second a 
zombie arrives at a random point on it . 
The lucky ones arrive at the gap and 
march on through. The unlucky ones 
run into the wall. If the gap in the 
wall leads to a bank, the random arriv
al times of the zombies look much like 
the arrival times of ordinary patrons. 
To adjust the average arrival rate the 

The area of a circular pond determined by ralldoll! cannon fire 
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Fly First elas 
Wild Turkey. It's not the best because it's expensive. 

It's expensive because it's the best. 

Now you can send a gift of Wild Turkey ®/101 Proof anywhere' by phone through Nationwide Gi ft Liquor. Call Toll Free 1-800-CHEER-UP 
(Arizona 602-957-4923)_ 'Except where prohibited. Major credit cards accepted. Austin, Nichols Distilling Co., Lawrenceburg, KY © 1985. 
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Zombies and the pattern of their arrivals on the far side of a wall 

width of the gap can be set to an appro
priate value. 

My arrival-generating program is 
called ZOMBIE. The wall in the program 
is a line one unit long. A loop called a 
while loop generates the times between 
arrivals: for each second that no zom
bie arrives in the gap the while loop 
increases a counting variable by 1 and 
calls on the command random to bring 
a new zombie to some random point 
along the wall. It is convenient and 
does no harm to assume the gap ex
tends from the leftmost point 0 to the 
point w. If the random number, or po
sition of the zombie, lies in this range, 
the program exits from the loop and 
declares in effect that a zombie has 
passed through the gap. Otherwise the 
program reenters the loop. Sooner or 
later a zombie passes through the gap; 
the value then stored by the counter 
tells how many seconds have elapsed 
since the last arrival. 

The average time between arrivals is 
1 /w seconds. For example, if w is 1110, 
a zombie will arrive on the average 
every 1/( 1 11 0), or 10, seconds. ZOMBIE 

works best when w is fairly small. For 
this reason it might be appropriate (de
pending on the application) to assume 
that zombies are arriving at the wall 
every tenth of a second. To find the 
value of w that gives a good simula
tion, set the desired average of the time 
between arrivals at the bank equal to 
111 Ow and solve for w. I stated above 
that the door could extend from 0 to w, 
but some random-number generators 
may be faulty in this range. In this case 
choose another gap in the wall, say be
tween .5 and .5 + w. 

It is interesting to examine the distri
bution of arrival times generated by 
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ZOMBIE. By embedding the while loop 
in another loop that counts the number 
of occurrences of each possible time 
interval between arrivals, one can de
velop a histogram, or bar chart, that 
plots the distribution. A typical his
togram is shown in the illustration 
above; the negative-exponential distri
bution has been superposed on it for 
comparison. There are many potential 
applications of the zombie-door tech
niq ue for video games, but I shall limit 
myself to a single application when I 
discuss the fifth piece. 

The third simulation involves a Gal
ton board. This device, named af

ter the pioneering Victorian statisti
cian Sir Francis Galton, is a sloping 
surface studded with a triangular array 
of pegs [see top illustration on page 26]. 
Marbles released just above the top 
peg make their way, helter-skelter, 
down through the array. Below the 
pegs are channels that collect the mar
bles. When the last marble falls into 
place, the collected columns take on a 
characteristic shape, not like the New 
York skyline but something quite dif
ferent. Those attempting this piece will 
discover the shape for themselves. 

In the absence of a real Galton 
board a program called GALTON can 
simulate one, and it will use up only a 
few lines in the process: The idea for 
the program, as well as for the first 
piece on 7T, comes from Jon L. Bent
ley's column "Programming Pearls" in 
the January 1984 issue of Communica
tions o/the ACM. 

The descent of a single marble is 
simulated in a loop that chooses a suc
cession of random numbers. Each ran
dom number determines whetheI; the 

marble rolls to the left or the right of a 
peg. If the number is less than or equal 
to .5, the simulated marble rolls to the 
left of a peg. If the number is greater 
than .5, the marble rolls to the right. 
Which peg? It does not matter. One 
must merely be sure to increase a 
counting variable by one unit each 
time the marble moves to the right. 
Readers may confirm for themselves 
that the column in which a marble 
comes to rest is determined solely by 
the number of rightward bounces it 
makes on its descent. At one swoop the 
need for an array that simulates the 
individual pegs is done away with. The 
moral of this observation should be 
clear: A bit of analysis can be worth a 
megabyte of program. 

The loop that simulates the descent 
of a single marble through the Galton 
board is embedded in a larger loop 
specifying the number of marbles to be 
dropped. Each time the inner loop is 
completed the column in which a mar
ble arrives should be recorded in an 
array c representing the columns. The 
number c(n) is increased by 1 every 
time a marble falls into column n. 
When a run of, say, 1,000 marbles is 
complete, the array c can be plotted by 
hand as a histogram. Of course, it can 
also be plotted directly by the comput
er if one takes the trouble to add some 
display commands to GALTON. 

It seems to me that by arranging the 
pegs differently other kinds of distribu
tion might be generated by a Galton 
board. I would be grateful to hear of 
any such devices, whether they exist in 
reality or only in imagination. 

The fourth easy piece concerns two 
new and fascinating voting games re
cently studied by Peter Donnelly of 
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The Reflective Vision 
A highly advanced design tool developed at the General Motors 
Research Laboratories uses computers to generate visual images 
from mathematical data with such accuracy that, soon, 
in-depth aesthetic evaluations of new concepts may be made 
prior to creating a costly physical model. 

Figure 1: Computer display of plan view (upper) 
and side elevation (lower), indicating automo
bile location (red), lighting selections (Ll-L5), 
and viewing position (EYE). 
Figure 2: Four A uirJcolor images, showing the 
same view of an automobile as backgrouud and 
lighting change. 

lV�TH AUTOCOLOR, users 
\IV �an synthesize three-dimen

sional, shaded images of design con
cepts on a color display and then 
quickly explore how major or minor 
changes affect the overall aesthetic 
impression. The system is com
pletely interactive. By choosing from 
a menu on the screen, the designer 
can redefine display parameters, 
select a viewing orientation, or mix 
a color. Each part of an object can 
be assigned a surface type with 
associated color and reflectance 
properties. Built-in lighting controls 
generate realistic "highlights" on 
simulated surfaces composed of dif
fering materials. 

Before developing the system, 
David Warn, a computer scientist 
at the General Motors Research 
Laboratories, observed the complex 
lighting effects achieved in the stu
dio of a professional photographer. 

By simulating these effects, Auto
color can produce results unattain
able by conventional synthetic 
image display systems. Previous 
systems used a point source model 
of light, which allows adjustments 
only in position and brightness. 

The versatility of the lighting 
controls constitutes a major advance 
in Autocolor. An unlimited number 
of light sources can be indepen
dently aimed at an object and the 
light concentration adjusted to sim
ulate spotlight and floodlight effects. 
The lighting model even includes 
the large flaps or "barndoors" found 
on studio lights. These comprehen
sive controls pennit the user to view 
the simulation in studio lighting con
ditions, as well as to make revisions 
in color, paint type, and materials. 

W ith real lights, direction and 
concentration are produced by reflec
tors, lenses, and housings. It would 
be possible to model these compo
nents directly, but that would intro
duce considerable overhead to the 
lighting computation. Instead of 
modeling individual causes, Auto
color models the overall effect, reduc
ing complexity by simulating those 
aspects needed to produce realistic 
results. 

Autocolor approximates the 
geometric shape of an object with 
a mesh of three or four-sided poly
gons. These polygons are grouped 
to form parts. For a car body, there 
might be separate parts for the door, 
hood, roof, fender, and so on. Each 
part is assigned a surface type, such 
as painted metal or glass, and each 
type of surface has associated color 
and reflectance properties. The 
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entire data structure is stored in 
tables using an interactive relational 
data base developed at the GM 
Research Laboratories. 

'11E LIGHTING model deter
� �ines the intensity of the re

flected light that reaches the eye 
from a giveri point on the object. It 
takes into account the reflectance 
properties of the surface as well as 
the physics of light reflection. A hid
den surface algorithm determines 
which point on the object is visible 
at each point on the display. For each 
of these visible points, the inten
sity is computed for each light 
source. The displayed intensity is 
the sum of the contributions from 
all the lights plus an ambient term 
which indicates the general level of 
illumination. 

Using the point source lights 
of conventional image generation 
systems, highlighting a particular 
area of an object can be a difficult 
task and can result in unwanted 
highlights in other areas.  By 
contrast, the light direction and 
concentration controls found in 
Autocolor make it possible to iso
late the effect of a light to a partic
ular area, and achieve a desired 
highlight easily and quickly (see 
F igure 2). This is not because 
Autocolor's lighting model compu
tations are faster, but because its 
controlled "lights" behave in a more 
natural way. 

Another unique feature of 
Autocolor is the ability to portray 
realistically a variety of different 
materials and lighting conditions. 

The color seen from a surface is 
really a combination of two colors: 
the color of the surface or material 
itself (diffuse reflection) and the 
color of the reflected highlights 
(specular reflection). The highlight 
color may be the color of the mate
rial, the color of the light, or a color 
derived from the material and the 
light. 

A different highlight color can 
be used for each different surface 
type that is defined. This makes it 
possible to simulate materials such 
as plastic, painted metal, and 
chrome-each of which has differ
ent reflectance properties and re
quires a different highlight color. 

The user can interactively 
adjust the blending of the surface 
and highlight colors, watching the 
image change dynamically on the 
screen until a desired effect is 
achieved. 

''Autocolor will free designers 
to be more creative;' says researcher 
Warn. "Our goal is to move from con
trols that show changes in lighting, 
color, and materials, to software that 
will let the user change the actual 
shape, manipulating the image on 
the screen like a flexible clay modeJ:' 

General Motors 

MARK OF EXCEUENCE 

THE 
MAN 
BEHIND 
THE 
WORK 
David Warn is a Senior Staff Re
search Scientist in the Computer Sci
ence Department at the General 
Motors Research Laboratories. 

He received his undergradu
ate degree in mathematics from 
Carnegie-Mellon University, and 
his M.S. in computer science from 
Purdue. 

He has done extensive re
search in relational data man
agement systems with special 
emphasis on user interfaces and 
human factors. He also designed the 
prototype for the network data 
manager used in the GM Corporate 
Graphic System. His previous work 
on other aspects of computer-aided 
design include system design, 
file management, and simulation 
models. 

His foremost research interests 
are in color synthetic image gener
ation and interactive surface design. 
He joined General Motors in 1968. 
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The Galton board alld olle improbable distribution of the marbles rolling dowll it 

the University College of Swansea in 
Wales and Dominic Welsh of the Uni
versity of Oxford. The squares of a 
rectangular grid are initially colored 
black and white in a random manner. 
Each color is supposed to reflect the 
political opinion of a person inhabiting 
that square. One color might represent 
a Democrat, the other a Republican. 
With each tick of a clock a voter is 
selected at random and his political 
opinion becomes subject to change: 
one of the voter's eight neighbors is 
selected at random and the voter's po
litical persuasion becomes that of his 
neighbor, regardless of earlier belief. 

The grid is wrapped around itself in 
the same way as Wa-Tor's ocean 

was [see "Computer
'
Recreations"; SCI

ENTIFIC AMERICAN, December, 1984]: 
the top edge of the grid is identified 

with the bottom, and the left edge is 
identified with the right. Hence a voter 
inhabiting a square on one side of the 
grid has three neighbors on the oppo
site side. After each random change in 
voter preferences an election is held, 
but this element does not need to en
ter the simulation unless one wants to 
keep close track of the results . 

As this admittedly simpleminded 
model of the political process is run, 
strange things happen. First, large 
blocks of votes develop within the 
grid. The blocks are geographic areas 
where everyone has the same opinion. 
Then the blocks migrate around the 
grid, and for a while two blocks strug
gle for dominance. Finally the two
party system collapses as everyone 
ends up voting the same way. The 
smaller block vanishes as democracy 
votes itself out of existence-or does it? 

The votillg game ill progress 

26 

This is a neat philosophical question. 
A short program called VOTERS can 

embody this model in every essential 
respect. In VOTERS there is an arr'ay 
having the same dimensions as the 
grid. A short computational cycle se
lects three random integers that give a 
random row index, a random column 
index and a random neighbor code for 
each tick of the clock. The three inte
gers are created by multiplying the 
output of the command random by a 
constant and then removing the frac
tional part with the command integer. 
For example, if the grid has 50 rows, 
the choice of a random row index 
could be written algorithmically as 

i � integer (50 * random) . 

The random column index} is com
puted in a similar fashion. The neigh
bor of the square (i,j) chosen by the 
program depends on which of the inte
gers 0 through 7 is randomly selected. 
Once a random square and a random 
neighbor are selected, VOTERS replac
es the array value at (i,j) with the one 
at the neighboring square. 

The preceding steps are embedded 
in a loop. It is convenient to allow the 
index limit of the loop to be a variable: 
experimeters may want to vary the 
number of opinion changes that voters 
undergo. The index limit can also be 
varied in the other programs I describe 
in this article: set the outer loop limit 
to n and then enter the desired value 
of n from the keyboard. 

A graphic display of the voter grid is 
easy to incorporate into the primary 
computational cycle in VOTERS. With 
only two characters (say the period 
and the asterisk) the effect is striking. 
Readers not immediately put off by 
the totalitarian phenomenon inherent 
in the voting game might wish to im
plement what Donnelly and Welsh 
call the antivoting game. In this game 
the randomly selected voter adopts an 
opinion opposite to that of the ran
domly selected neighbor. Will democ
racy survive in this setting? 

The fifth and final piece provides 
food for thought while one waits in 

a queue. If people leave the head of 
the queue as fast, on the average, as 
they arrive at the end, would the queue 
not remain more or less the same size? 
Apparently not. According to queuing 
theory, such a queue has no finite ex
pected length. I have seen such queues 
in banks. 

The program called QWING simu
lates a simple queue. People arrive at 
the end of the queue in accordance 
with the pattern generated by the ZOM

BIE program I described above. At the 
head of the queue is a person receiving 
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or trying to receive service. Simulation 
programs sometimes incorporate the 
assumption that service times are dis
tributed the same way as the times be
tween the random arrivals of two zom
bies. Service is short when I make a 
deposit, but it takes a long time when I 
argue with the teller about the disap
pearance of money from my account. 
Accordingly ZOMBIE is also called on 
in QWING to generate service times. 

QWING handles the passage of time 
by the critical-event method. A simu
lated clock c is continuously updated 
to the time of the next event, whether it 
is an arrival or a departure. Three oth
er variables are needed: ts, the time to 
the completion of the current service; 
ta, the time until the next arrival, and q, 
the length of the queue [see illustration 
on this page]. 

Initially ts and ta are set to ° and q 
is set to 1. QWING then enters its main 
loop, and the number of iterations of 
the ma.in loop is specified by a com
mand from the keyboard. Within the 
loop is a branching instruction that 
tests whether ta is less than ts. If it is, 
the time on the clock is increased by 
the amount ta because the next arrival 
at the queue is the next critical event. 
Accordingly ts is decreased by the 
same amount of time, and since the 
critical event is an arrival, q is in
creased by 1. As a final step ZOMBIE 

swings into action to generate the time 
of the next arrival . 

At the head of the loop it may turn 
out that ta is not less than ts. In this case 
the same operations are carried out in 
another branch of the program, but the 
roles of ta and ts are reversed. The next 
critical event is a new service and so q 
is decreased by 1. In this branch ZOM

BIE generates the next value of ts. At 
the bottom of the loop both branches 
rejoin with a test carried out on q. If q 
is equal to 0, a new arrival is needed 
and the program branches to the first 
segment. Otherwise it branches back 
to the head of the loop, where ta is 
again tested against ts. 

The QWING program is clearly long
er than the others, but it is still short 
enough to qualify for the term "easy." 
It is probably a good idea to make the 
average time between arrivals and the 
average service times specifiable by 
the user. In this way one can verify the 
basic results of queuing theory. When 
the average time between arrivals is 
greater than the average service time, 
the length of the queue is expected to 
be finite; the greater the difference be
tween the two averages is, the more 
"finite" the length becomes. When the 
averages bear the opposite relation, 
the expected length of the queue is infi
nite; watch it grow. When the averages 
are exactly equal, the expected length 

of the queue is neither finite nor infi
nite! How can this be? A few hours of 
watching may answer the question-or 
a few minutes of thought. 

Adventuresome readers can extend 
I\. QWING to simulate the effects of 
an innovation introduced in banks 
more than a decade ago. Instead of 
waiting in individual queues, one for 
each teller, bank customers were sent 
to a single queue. The system has sev
eral advantages, which can be verified 
by a simulation program that captures 
the distinctive features of the collec
tive queue. An even more elaborate 
program could model a relatively new 
feature in banks: now even the tellers 
queue up at their own superteller. The 
new system suggests some awesome 
possibilities for really large banks. 

All this talk about random numbers 
poses a final question: How can a com
puter, which is an explicitly determi
nistic machine, generate random num
bers, which are implicitly nondetermi-

nistic? The answer is that it cannot. But 
a computer can generate numbers that 
look random: pick any number, multi
ply it by m, add k and take the remain
der after division by p. The resulting 
number is put through the same proc
ess. Repeatedly the so-called linear
congruential algorithm churns out 
numbers called pseudorandom num
bers. Sooner or later, however, the re
sulting sequence must repeat itself be
cause there are only p possible remain
ders. Moreover, unless m, k and pare 
carefully chosen, the pseudorandom 
numbers fail to pass the most primi
tive tests of randomness. 

With such shortcomings in mind, 
computer scientists have tried to build 
a better mousetrap. Many years ago 
Donald E. Knuth of Stanford Univer
sity devised an algorithm so randomly 
devious and deviously random that it 
seemed guaranteed to generate num
bers he called superrandom. Knuth's 
algorithm has 12 steps. Given an initial 
number X, the first two steps pick two 

c <E-- 0 
fa <E-- 0 
fs -E-- 0 

q -E-- 0 

c -E-- c + fa 

q-E--q+1 

USE ZOMBIE 

TO GET fa 

YES 

fa < fs 

? N O  

A block diagram for the QWING program 

fa -E-- fa - fs 

c -E-- c + fs 

q-E--q-1 

USE ZOMBIE 

TO GET fs 
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___ Introducing 
connections for 

With the new IBM Personal Computer AT/370� you can work with 
hundreds of VM programs and with mainframe data right at your desk. 
And only IBM offers a personal computer with VM capabilities. 

Now that
�
s a Smart Desk with very powerful connections. 

With the PC AT/370� you have the power of 64-bit System/370 
architecture and the ability to address up to eight megabytes of 
virtual memory. Plus access to FORTRAN 77 � Pascal and other 
scientific languages. 

T he PC AT/370 lets you solve problems independently� only drawing 
on the host resources as needed. You can even record and analyze the 
results of an experiment or send them to the host for processing. 

And you can enjoy the benefits of faster response time and greater 
data privacy-without having to compete for host computer time. 

What
�
s more� the PC AT/370 has a 20 or 40 megabyte storage 

capacity and the capability of running thousands of existing IBM PC 
programs. So this powerful connection is also a very versatile one. 

O ne further point: If you already have a PC AT or XT� it can easily be 
upgraded to a PC AT/370 or XT/370 respectively. Ask your IBM r----------------------� marketing representative 
1 IBM 4-851 
1 DRM, Dept. KG/428 1 for the details. 

���ntW�L�k��N1 �7i�� 7 i And if you want to receive 
o Please send me more information on the new IBM 1 literature on how the PC AT 1370 

PCAT/370. 1 can turn your desk into a Smart o Please have an IBM marketing representative 1 contact me. 1 Desk� call1800 IBM-2468� 

�::
e i Ext. 428� or send in this coupon. 

Company I ==-:::a =:® 
Address I = :..: ?_-= 

I - - - - - -City State Zip___ ==-= ':' = 

LPhone 1 
---------------------- � 

The Smart Desk from IBM _ 
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very powerful 
high-level thinkers. 
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OWNERS 
(A DIGITIZER AND INTEGRATED 
SCIENTIFIC GRAPHICS SYSTEM 

FOR ONLY $450.) 
A versatile digitizing pen; 

accurate, reliable and rugged. 
A Turnkey Measurement System 
Linear· perimeter· area· x, y 
coordinates· scaling· statistics: 
standard deviations, correlations, 
regression lines, transforms. 
A Pocket Drafting System Multiple 
CAD-like aids auto lines, boxes, 
elipses, 3-d, enlarge, shrink, invert· 
color lift-off· symbol libraries· 

many type fonts. 
A Quick-Slide System Bar-graphs· 

line graphs· all from numbers, with 
auto-edit· auto-scaling· sizing· 
conversion· labeling· coloring· 
programmed for Polaroid Palette. 

Display and Printout "Slide-Show" 
on screen· Printout on dot matrix or 
color printers· choose size, shape. 

We're the scientist's friend. 15 
day free return policy. Call toll-free 
1-800-874-1888 or in California 
415-331-3022. The Computer 
Colorworks, 3030 Bridgeway, 

Sausalito, CA 94965. 

POWERED 
BY THE 
DALLAS 
SYMPHONY 
When American Airlines offered to help the 
Dallas Symphony, it helped their Texas 
ticket sales take off. To learn just how your 
business can form a successful partnership 
with the arts, contact: 

BUSINESS COMMITTEE FOR THE ARTS 
SUITE 510 -1775 BROADWAY, 
NEW YORK, N.Y. 10019 -(212) 664-0600 
30 

digits of X; the two digits determine 
how many times the algorithm will 
loop and which of the next 10 steps to 
jump to. Each of these 10 steps em
bodies a distinct method for calculat
ing a new random number from an 
old one. It seemed plausible to Knuth 
before he tested his algorithm that "it 
would produce at least an infinite sup
ply of unbelievably random numbers." 
To his astonishment, "when this algo
rithm was first put onto a computer, it 
almost immediately converged to the 
10-digit value 6065038420, which
by an extraordinary coincidence-is 
transformed into itself by the algo
rithm." Knuth's moral is simple if not 
intuitively obvious: "Random num
bers should not be generated with a 
method chosen at random. Some theo
ry should be used." 

If numerical methods for generating 
random numbers fail, one can always 
fall back on a suggestion once made by 
Alan M. Turing. Turing proposed that 
a random-number generator could be 
based on a source of radioactivity. 
Readers might enjoy the explorations 
of this idea in "The Computer Scien
tist: Random Numbers," by Forrest 
M. Mims III, in the November 1984 
issue of Computers and Electronics. 

Since the appearance of the January 
column about RACTER there have 

been more stories about the lettuce
craving program than there are by it. 
I have now conversed often enough 
with RACTER to understand that the 
program is even more seriously un
balanced than I had first thought. 

John D. Owens of Staten Island, 
N.Y., distributes RACTER. He writes 
that one copy was ordered for the 
training of psychiatric interns who in
terview schizophrenic patients. An
other customer was almost unhinged 
by RACTER. Describing RACTER as a 
"madman," this man failed in all at
tempts to halt the program. RACTER 

insisted on discussing the proposition 
that St. Peter was an atheist. I sym
pathize with the man. I too have run 
the gamut from laughter to boredom 
and even anger. But why react this 
way to RACTER? It is only a program. 

To the Owens family RACTER is some
thing more than a program. A custom
er lightheartedly wrote to ask wheth
er RACTER could be "transmogrified" 
onto an eight-inch diskette. RACTER 

was consulted: "If 'We can transmog
rify me onto eight-inch diskette' oc
curred to a pessimist, he might think 
it was pessimism." It later turned out 
that the Owens' facilities were incapa
ble of the transmogrification. 

On another occasion Terry Owens 
asked RACTER how much money to 
budget for advertising. "Very much 

money because, Terry, people will be
lieve it," RACTER replied. 

At the end of the March column I 
mentioned a new candidate for the 
five-state busy beaver [see "Computer 
Recreations," SCIENTIFIC AMERICAN; 

August, 1984]. In December, George 
Uhing of Bronx, N.Y., found a five
state Turing machine that prints 1,915 
l's before halting. The Uhing machine 
is reproduced in the table below. 

To discover what the machine will 
do in state B, for example, examine the 
row bearing that label. The row is sub
divided into an upper and a lower por
tion listing the machine's responses to 
a 0 or a 1 respectively. If the machine 
reads a 1 on its tape, it enters state D, 
prints a 0 on the tape and then moves 
one cell to the left. In the table H 
means that the machine halts. 

Uhing, who programs for a Manhat
tan optical company, decided to search 
for the five-state busy beaver after 
reading this column last August. He 
used a Z-80 microprocessor running an 
assembly-language program to over
see a second machine: a Turing-ma
chine simulator that cost Uhing less 
than $100 to build. It goes through 
seven million Turing-machine tran
sitions per second. Each transition 
amounts to a simple lookup in a table 
like the one below. Uhing seems deter
mined to find the five-state busy bea
ver. Does the present machine qualify? 
It showed up after Uhing's computer 
had been running for a month. As far 
as I know it is still running. 

Allen H. Brady of the University of 
Nevada at Reno describes Uhing's ma
chine as "astounding." What are the 
chances we shall discover a six-state 
busy beaver? "Absolutely out of the 
question," Brady says. 

Lee Sallows' computer-pangram 
challenge has now been met by several 
more readers. Those wishing to read 
Sallows' own stirring account of his 
analogue/digital pangram adventure, 
"In Quest of a Pangram," will find it 
in the spring issue of Abacus. 

STATE INPUT NEXT OUT- DIREC-
STATE PUT TION 

A 0 B 1 RIGHT 
1 C 1 LEFT 

B 0 A 0 LEFT 
1 D 0 LEFT 

C 0 A 1 LEFT 
1 H 1 LEFT 

D 0 B 1 LEFT 
1 E 1 RIGHT 

E 0 D 0 RIGHT 
1 B 0 RIGHT 

A five-state busy beaver? 
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Maxell Gold. 
The floppy disk 

that trnns Apples 
golden, 

keeps AT&T on-line, 
and makes eve� 

Thxas Instrument 
a gusher. 

Whether you're exploring for profits, 
reaching out for projections, or polishing 
your argument, there's a Maxell floppy disk 
perfect for your computer. Consider the 
unique way we pack and bind our oxide 
particles for quality over the long run. Or 
our lifetime warranty. Maxell. The Gold 
Standard in floppy disks. Precious metal 
for virtually every computer made. 

maxell® 
IT'S WORTH IT 

Maxell Corporation of America, 60 Oxford Drive, Moonachie, N.]. 07074 
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That's a very ambitious goal. But then, 
this is a very ambitious automobile. 

The Merkur (pronounced 
mare-koor) XR4Ti is a German 
sports sedan designed and engi
neered specifically for those who 
appreciate the exhilaration of a finely 
tuned road machine. 

Its shape is unusual because 
it achieves a level of aerodynamic 
efficiency that is unusual. In fact, it 

has a drag coefficient of only 0. 33-
the best of any car in its class. 

The XR4Ti's 4-cylinder, 2.3-
liter overhead cam engine uses a 
Garrett AiResearch� "blow-through" 
turbocharger in conjunction with 
electronic fuel injection to develop a 
healthy 175 horsepower:* The "blow
through" design delivers excellent 
throttle response by introducing the 
fuel downstream of the turbo com-

pressor. The result is 0-60 mph 
acceleration in only 7.8 seconds. 

Responsiveness is further 
enhanced by the XR4Ti's exception
ally quick steering. Only 2.8 turns 
lock-to-Iock. Variable-ratio, power
assisted rack-and-pinion, of course. 

And because all roads are 
neither smooth nor straight, the 
XR4Ti has a fully independent sus
pension with nitrogen-pressurized 
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struts and shocks. And for added 
stability during hard cornering, there 
are stabilizer bars front and rear. 

The XR4Ti's dedication to the 
art of driving is apparent in the 
functional design of the interior. The 
instrument panel wraps around the 
driver, providing ready access to 
all vital controls. The instrumentation 
is of analog design to allow for easy 
reading with just a quick glance, 

day or night. 
Its comprehensive list of stan

dard equipment includes 5-speed 
manual transmission, Pirelli P6 tires, 
cast-aluminum alloy wheels, left-
and right-side rear seat 3-point 
safety harnesses, air conditioning, 
heated electric outside mirrors, and 
Grundig® AM/FM stereo cassette. 

The XR4Ti is the first of an 
entire new line of Merkur automo-

biles coming to America. It is assem
bled in Germany by the famous coach 
builder Karmann and available only 
at selected Lincoln-Mercury Dealers. 
Visit one bearing the Merkur sign and 
experience the exhilaration that is 
XR4Ti. *Based on SAE Standard J1349 

�� 
IMPORTED FROM GERMANY 

EXCL USIVELY FOR LINCOLN-MERCURY 

MERKUR>!ri!!ilil 
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BOOKS 

CeCllia's universe, sashaying continents, 
lost landscapes, laughing gas, knapsacks 

by Philip Morrison 

C
ECILIA PAYNE-GAPOSCHKIN: AN 

AUTOBIOGRAPHY AND OTHER 

RECOLLECTIONS, edited by 
Katherine Haramundanis. Cambridge 
University Press ($34.50). What is the 
primary substance of the cosmos? In 
the closing years of the 19th century 
and the opening decades of the 20th 
this was plainly a scientific question of 
the first order. The answer material
ized slowly. Orbital motions of dou
ble stars demonstrated that their mas
ses were indeed akin to the mass of 
the sun; the Victorian spectroscopists 
showed that the glowing stars were 
composed of chemical elements most
ly familiar on the earth. By 1920 the 
thermal physics of atoms and radia
tion, although still innocent of quan
tum mechanics, stood fully ready to 
reveal the composition of hot gaseous 
matter. All that was required beyond 
the laws and concepts discovered by 
Boltzmann, Planck, Bohr and Einstein 
was knowledge of the discrete energy 
levels of the nuclear atoms and of the 
photons they emitted and absorbed. 

In about 192 1, from Meghnad Saha 
in Calcutta came the brilliant "idea 
that gave birth to modern astrophys
ics." He applied the equilibrium theo
ry of simple chemical reactions to the 
ionization of atoms in the hot surface 
gases of sun and stars. Suddenly it be
came plain that the stars were roughly 
uniform in substance; the striking dis
tinctions among their spectra were 
principally the result of differences not 
in atomic composition but in pressure 
and temperature. 

One more step was needed to reach 
the surprising result, which today we 
accept as commonplace: the cosmos is 
made of hydrogen, the simplest of the 
atoms. To be sure, cosmic hydrogen is 
not quite pure: some eight atoms out of 
100 are helium, and two more atoms 
may represent any of the .remaining 94 
or so elements. The earth is not at all 
like that; here hydrogen provides only 
a modest proportion of all atoms, and 
helium is rare. 

The physicist who first drew that 
grand conclusion about the substance 

of the cosmos was a brilliant young 
graduate student, Cecilia Payne. She 
came on a fellowship from the Univer
sity of Cambridge to work at the Har
vard College Observatory in the fall 
of 1923; she was just as young as the 
century. "Before I left Cambridge, 
[E. A.] Milne told me that if he had 
my opportunity, he would go after the 
observations that would test and veri
fy the Saha theory." 

So she did. She was thorough, logi
cal, devoted and hardworking to the 
point of risking exhaustion and de
spair; swift to catch and use new ideas, 
she was also deeply original. Within 
two years she had published half a doz
en related papers in which she ana
lyzed the starry universe. Payne (as she 
was then) became the first astronomy 
Ph.D. from Harvard; her thesis, the 
best one ever written in astronomy, 
sold out as a book. It was "at the same 
time an attractive story and a work of 
reference," as Milne wrote. 

Could there really be so much hy
drogen and helium? That conclusion 
was plain from Payne's work, but it 
was too strange to be believed. This 
early in the growth of atomic physics 
there was indeed room for generalized 

. doubt. Princeton's formidable expert 
Henry Norris Russell ("I respected 
and feared him") read her manuscript 
and wrote her about that incredible 
hydrogen content: "Here I am con
vinced that there is something wrong 
with the present theory." She accepted 
her adviser's doubts as her own, pub
lishing that the inferred hydrogen and 
helium content of the sun "is improb
ably high, and is almost certainly not 
real." Five years later, after the swift 
sunrise of quantum mechanics and a 
great deal of enriching new theory and 
observation, Russell made his own 
estimates of solar abundance and re
ported "a gratifying agreement" with 
Payne's earlier numbers. "Ingrained 
conservatism" had proved wrong. 

Soon the theorists could assay indi
rectly the unseen cores of stars and the 
interiors of the giant gaseous plan
ets; mainly they found hydrogen. Not 

much later the spectra of gaseous neb
ulas and the physics of nuclear ener
gy sources consistently supported the 
domination of hydrogen and helium. 
Investigators in the postwar years ob
served that the cosmic rays consisted 
largely of protons; radio telescopes re
vealed neutral hydrogen clouding the 
spiral galaxies. Lately both radio and 
ultraviolet observations offer clear 
signs that molecular hydrogen gas 
dominates the composition of those in
terstellar clouds. Cecilia Payne's first 
atomic analysis of the heavens has 
been confirmed in full. 

Today the simple atomic makeup of 
the cosmos is less a result than an 
unstated premise to every argument 
about the starry world. (It is important 
to be precise: the stuff we see in any 
wave band is hydrogen-rich. Lately, 
however, we have good reason to be
lieve much more matter than what we 
can see is out there, matter so dim and 
scattered that it is invisible. Its pres
ence is disclosed by gravitation alone, 
and so its nature is well hidden.) 

All of this and much more is to be 
read in the small volume, wherein the 
reader will encounter Cecilia Helena 
Payne-Gaposchkin in image and in 
words, from four or five angles. Her 
autobiography, written late in life, of
fers the fullest view; it is self-revealing, 
even passionate, beyond that of most 
scientists. Often it is so in ways she 
must have realized but does not re
mark on. She does draw the curtain 
around a few key feelings and events. 

There is a warm and knowing ap
praisal by a younger associate, himself 
now easily dean of American students 
of the spectroscopy of stars, Jesse 
Greenstein. The editor, who is the mid
dle child of Payne's lifelong marriage 
to a lively Russian astronomer she first 
befriended in Germany in the 1930's, 
gives a loving account of this "Renais
sance woman":  at once scholar, lin
guist, keen scientist, warm mother, 
generous neighbor, cultivated traveler, 
playgoer, musician, something of a po
litical activist, a clever wit and the in
spired queen of kitchen and needle. 
Historian Peggy Kidwell presents a 
careful study of the early work based 
on the full record, both published pa
pers and many private letters. 

Two unusual pages must be cited. 
They open: "At the age of five Cecilia 
saw a meteor, and thereupon decided 
to be an Astronomer. She remarked 
that she must begin quickly, in case 
there should be no research left when 
she grew up." This delightful character 
sketch is the work of a dear friend at 
Newnham College, a young woman 
whose untimely death was an unset
tling tragedy to Payne at Harvard. 
The whimsical pages gain poignancy 
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because Professor Payne-Gaposchkin, 
not long before her death at the age of 
79, asked that the little text, published 
nearly 50 years earlier, be used .as her 
obituary. She wrote always with clari
ty and style; her literary judgment did 
not falter here, nor does the piece con
ceal her inmost values. 

Sample the autobiography very 
sparingly. The big names of the time 
play expressive parts. At Cambridge, 
Payne was introduced to the Bohr 
atom by Bohr himself, made "almost 
incomprehensible by his accent." 
Rutherford thundered at her, the only 
woman in his advanced course, seated 
by university regulation all by herself 
in the front row. 

It was eloquent Arthur Eddington 
who swept Payne into astronomy. She 
attended-four tickets had been as
signed to Newnham College-the fa
mous lecture in which Eddington pre
sented the results of the eclipse expedi
tion he led to Brazil in 19 18. "The 
Great Hall was crowded. The speaker 
was a slender, dark young man with a 
trick of looking away from his audi
ence and a manner of complete de
tachment. He gave an outline of the 
Theory of Relativity, as none could do 
better than he .... He led up to the shift 
of the stellar images near the Sun as 
predicted by Einstein and described 
his verification of the prediction .... 
When I returned to my room I found 
that I could write down the lecture 
word for word .... For three nights, I 
think, I did not sleep." 

A similar epiphany came to Payne a 
few years later. This time it was young 
Harlow Shapley in London who spoke 
intimately of the cosmic picture, with 
"none of Eddington's classical polish" 
but with unmatched directness and 
energy. Again she found she had ab
sorbed the lecture word by word. A 
much older student, the war-wounded 
L. J. Comrie, himself bound for a job 
at Swarthmore, had told her that in 
America a woman would have a better 
chance to win a research post in as
tronomy than she would in Britain. It 
was he who had taken her to hear 
Shapley. Comrie promptly introduced 
her to the new director of the Harvard 
College Observatory, and she came at 
once to the point: "I should like to 
come and work under you." 

Edwin Hubble is a looming off-stage 
presence. Payne recalls the day news 
came of the blinking Cepheids in the 
Andromeda galaxy that securely es
tablished by Shapley's own methods 
the scale of the galaxies. "I was in 
[Shapley's) office when Hubble's let
ter came, and he held it out to me: 
'Here is the letter that destroyed my 
universe,' he said." His actions then 
were characteristic: "From that day 
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he planned a gigantic assault on the 
problem of galaxies ... Harvard as
tronomy shifted abruptly ... to the dis
tant systems." 

Payne's research life was rewarding; 
she valued and loved her science so 
much that given her full acceptance 
among peers she could be deeply con
tent. "Everyone who was anybody 
(and many more besides, who were 
going to be somebody in the future) 
came through.... We got to know 
Lundmark, Milne, and Unsold .... 
How we argued, how we walked about 
the streets and sat talking in restau
rants until the manager turned off the 
lights .... We met as equals; nobody 
condescended to me .... Nobody ever 
thought of flirting." We do things bet
ter here, she concluded, looking back 
at her 50 years as an American. 

There was sadness in this life beyond 
the death of friends, beyond the lone
ly years of that young Englishwoman 
who was so tall, imposing and out
wardly reserved. (Yet Payne would of
ten in her new car at dawn burn up the 
road beside the Charles, the observato
ry's elderly raffish night assistant "urg
ing me on with 'Step on it, Celia!' " 

Harvard College did not by any 
means do everything better. For years 
Payne was shamefully mistreated as 
a professional, "on the material side." 
She was diverted more than once by 
fiat from her own research direction. 
She was chronically underpaid, over
worked, denied formal status. She re
ceived her first Harvard rank at the age 
of 38, under the presidency of James 
Bryant Conant; it was not a faculty po
sition except in its duties. A paragon 
of a candidate, she had to wait until 
1956 to become the first woman pro
fessor at Harvard, perhaps 20 years 
after a man of her achievement and 
qualities would have earned the post. 

President Abbott Lawrence Lowell, 
autocrat of an older school, had long 
seen to it that no woman would receive 
any appointment from the Harvard 
Corporation. Even the courses Payne 
taught went uncatalogued until after 
the war. What dark fears beset an es
tablishment under little challenge? 

The book artfully records a life of 
worth and delight won against ob
sessive, powerful but not pervasive 
forces. The record has value beyond its 
period and its circle. This is a chroni
cle of affirmation and hope, a near
poetic witness to a burst of profound 
discovery insufficiently recognized. 

T ANDPRINTS: ON THE MAGNIFICENT 

L AMERICAN LANDSCAPE, by Walter 
Sullivan. The New York Times Book 
Co., Inc. ($22.50). SECOND VIEW: THE 

REPHOTOGRAPHIC SURVEY PROJECT, by 
Mark Klett, Ellen Manchester, JoAnn 

Verburg, Gordon Bushaw and. Rick 
Dingus, with an essay by Paul Berger. 
The University of New Mexico Press 
($65). Once upon a time geology was 
an intensely local science. So it was, 
30 years back, when Walter Sullivan, 
whose by-line has for a long time 
meant science reporting as perceptive 
as it is timely, first covered the Interna
tional Geophysical Year. Plainly he 
fell in love then with geology, and in 
particular its search for the why of our 
world on the scale of the landscape. 

The science of geology is now post
revolutionary, and Sullivan brings us 
here in close touch with the powerful 
new regime. We know how (if not yet 
quite why) the continents drift, shear 
and shove; how they fold and stretch 
by turns in a dance adagio mol to, 
whose figures are unified if complex. 
Such a pattern has formed the vistas 
of America. About two-thirds of the 
three dozen chapters provide a scenar
io of "the greatest show on earth," our 
regional geology coast to coast. The 
emphasis is on the visible, but Sulli
van does not neglect the testimony of 
an arsenal of instruments about· the 
evidence hidden in the depths and in 
the paleontological, chemical, radio
metric, magnetic and seismic data. 

One telling source of information 
has been a set of IS-ton trucks. They 
prowl the highways of the land, stop
ping regularly to shake the earth. The 
echoes of their heavy-footed vibra
tions are picked up in a line of listening 
microphones buried miles away. The 
Consortium for Continental Reflec
tion Profiling (COCORP) can thus ex
plore underground layers as deep as 30 
miles (and, so some of its diverse spon
sors hope, reveal shallow leads to oil). 

The continent, like much of the hu
man popUlation that reached it from 
Europe, has pushed steadily westward, 
Seven hundred million years ago a 
slow collision between our land and an 
unknown land mass from the east 
raised a magnificent mountain range 
that once towered from Labrador to 
Tennessee. In time those older peaks 
were worn away; it is from their re
worked materials that the present Ap
palachians rose, New England Hima
layas, only to be worn down again in 
their time. As great land blocks press 
and recede, they leave rifts no less than 
ranges, thin-crusted valleys marked 
by deep narrow lakes and lava flows, 
that can now be seen along the Con
necticut and the Rio Grande alike. 

Such motions made both East and 
West. The East is ancient. There the 
continental collision has been long 
subdued; the modern Atlantic is grow
ing slowly. But in the dramatic cliffs 
and peaks of the newer West much of 
the land-not without its own marks 
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A quartz mil/near Virgillia City, Nev., ill 1868 (left); the same site ill 1979 (right) 

of fold and rift-is actually import
ed goods. It consists of islands, ocean 
floor and continental fragments over
run by the westward push of the North 
American bulldozer. These geologic 
artifacts are now plastered on the con
tinent's leading edge as an intricate al
ien collage that lies west of a rough line 
extending from Mount McKinley to 
Arizona. (Some transatlantic patches 
dot the East Coast too.) 

Two variations on the grand theme 
of continental drift make up the score. 
One variation is the assemblage of im-

. ported land forms, called terranes; the 
other is the result of internal transfor
mation of the basement rock. Between 
them the narrative of the continent can 
be in large part made out as mUltiple 
cycles of flow (both of magma and of 
water), which scrape away or deposit 
the many-layered surface of the lands. 

Sullivan has looked around for him
self and has listened well to the ex
perts; what he presents is a brief and 
persuasive nontechnical book on the 
"grand assembly," supported region 
by region with specific example. 

The tale of the mountain West is a 
story of plates that sashay first to com
press and then to expand; the 'change
over comes when the ocean ridge that 
is the source of spreading matter 
touches shore. The cast of characters 
in this imposing performance includes 
the Rockies and the Sierra, the older 
ore bodies of Nevada and. the peaks of 
Arizona, as well as the steady recent 
rise of the Colorado Plateau, which 
energizes the waters that carved the 
Grand Canyon. 

The epic of the past begins to merge 
into particulars, to explain what can 
be seen now from air or orbit, on the 
ground or on maps. In one exciting ex
ample glassy lavas testify to sudden 
cooling of hot flows in water. Mapping 
and dating show that 15 million years 
ago within the space of a day or two 
a single outpouring among a succes
sion of repeated basalt flows covered 
most of eastern Washington and Ore-

gon in red-hot lava half a mile deep. 
As if that were not marvel enough 

try to picture the scene, recalling the 
Revelation of St. John the Divine but 
experienced only by fleeing little three
toed horses and lumbering camels, 
when that same region was scourged 
again a mere 13,000 years ago. The 
agent then was not fire but ice. The 
high ice dam that retained a deep lake 
of glacial meltwater suddenly burst 
and a cascade eq ual to 10 times the 
summed flow of all the world's present 
rivers emerged. It scoured out the 
scablands and the Grand Coulee, 
scrambling boulders as big as houses. 
It left giant ripple marks up to 10 feet 
deep on gravel ridges, identical except 
in size with those familiar at quarter
inch scale in any sandy stream bed. It 
seems likely that there were many such 
events, although the last one of all was 
responsible for most of the sculpture 
that remains. "The region is uniq ue: let 
the observer take the wings of morning 
to the uttermost parts of the earth: he 
will find no counterpart," the discover
er, J. Harlan Bretz, wrote in the 1920's. 
A counterpart has been found, one be
yond the journeys of the restless geolo
gists; it was well-imaged only when the 
robot Viking orbiter scanned Mars. 

Of course this continental jigsaw 
puzzle in four dimensions is incom
plete and much of the work was done 
only within the decade. Still fossils, 
rocks and land forms both on the sur
face and at depth all broadly support 
the new views. The generous volume 
does not end here, as it might. The 
landscape bears more transient marks: 
meandering rivers, oozing tongues of 
ice, dunes, loess and gravel moraines. 
There are checkerboard fields and cir
cularly watered ones, orchards, open
pit mines and colorful salt ponds. 

All of these are visible from the air, 
and Sullivan has watched for them. 
The last third of the book, well written 
although less novel than the modern 
bedrock geology of the earlier chap
ters, treats these more ephemeral phe-

nomena. A single chapter describes the 
look and location of such features (of
ten presented in photographs) and ex
plains how and why they come about. 

One of the freshest chapters asks 
why so much scenery is red, or rather 
"maroon, pink, magenta, or copper." 
The red color itself is ferric oxide. 
Drab· ferrous oxides are even more 
widespread; just why some iron-con
taining formations have been oxidized 
over time and others have not is in 
most instances still not clear. The loss 
of bound water seems to be one pre
condition; desert dunes redden as they 
age. The original marble columns of 
the Parthenon are tinged a very deli
cate pink, but not the newer ones add
ed in restoration. They all come from 
a single quarry, and they take time to 
redden in the sun. 

This ambitious and enthusiastic vol
ume meets its two goals. One goal is to 
offer lucid popular access to some of 
the brilliance of modern geology; the 
other is to evoke the nature of land
scape well enough to transform the 
reader into an observing and curious 
traveler. The book closes with a na
tional itinerary of about 50 airline 
routes, listing in a few lines what might 
be seen along each route by a passen
ger who on a clear day will spend more 

. time looking out the window than at 
the movie. Some mapwork is needed to 
make these lists easily useful. Capitol 
Reef, Meteor Crater, the broken cone 
of Mount St. Helens, the San Andreas 
fault, ponds in the karst near Gaines
ville, Niagara Falls, the Delaware Wa
ter Gap-there are hundreds more, 
worth stars in any guide. 

Second View is a striking album of 
landscape photographs of the Rocky 
Mountain West, the region where the 
bones of the land show through. Each 
scene is paired, a study in time lapse; 
the two images view the same land
scape a century apart. The earlier pho
tograph normally reproduces a print 
made long ago by one of the adven
turesome and enthusiastic masters of 
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view camera and wet plate. They were 
men such as Timothy O'Sullivan and 
William Henry Jackson, engaged to 
document geographic expeditions to 
the new territories. The second image 
is a modern exposure made with great 
care to match standpoint and field, a 
duplication of the old print made to 
coincide with the image cast on the 
ground glass. The scenes are sandstone 
columns and hanging rocks, mining 
camps and mountains, sweet mountain 
meadows and sulfurous geysers. 

Both constancy and change impress. 
The living landscape changes in most 
details, but often not as a whole. The 
rocks endure as a whole, but often not 
in detail. Our works, such as roads and 
railroads, are more frequent now; here 
and there a trailer, a fence or a traf
fic sign defaces some once famous 
view. The old mines and their sprawl
ing camps have vanished; often the 
thronged and overbuilt site of 1880 
is today silent and eerily unmarked. 
Mountains are too large to change 
much in 100 years; a nearby rock pile 
looks exactly the same, save that 
among thousands a few of the stones 
have rolled away. 

Sun angle and season were well 
matched by the patient rephotogra
phers, but in the 1970's not enough 
snow fell to inlay neatly the dramatic 
ravines on the slopes of Colorado's 
Mountain of the Holy Cross. There are 
site maps and a precise catalogue of all 
the photographs used. This book of 
changes, a handsome blend of science 
and art, somehow joins celebration 
and melancholy. 

NITROUS OXIDE/N 20, edited by Ed
mond I. Eger II. Elsevier Science 

Publishing Company, Inc. ($37.50). 
The gas is colorless, odorless, tasteless, 
nonflammable and quite stable at rea
sonable temperatures. The molecule is 
simple-just three atoms bound in a 
line, NNO. Inhaled, the effects of the 
gas are complex. Listen to an enrap
tured early user, the poet Robert Sou
they: "Oh, Tom! such a gas has Davy 
discovered! . . .  It made me laugh and 
tingle ....  It makes one strong, and so 
happy! " Sir Humphrey Davy himself, 
who first reported the effects in 1800, 
thought them more like those of mu
sic than of wine but went on to de
scribe his "irresistible propensity to 
action ...  my motions were various 
and violent." 

For 50 years the substance provided 
entertainment public and private. In 
1844 a young Hartford dentist, Horace 
Wells, attended an exhibition there, 
admission 121/2 cents. Thirty gallons of 
the gas were to be administered to all 
who wished, that they might "laugh, 
sing, dance, speak or fight ...  according 
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to the leading trait of their character." 
Wells enjoyed his inhalation and noted 
that a user who had suffered a cut leg 
declared he had felt no pain. Wells's 
leading trait was action; the next day 
he used the gas while a colleague re
moved one of Wells's teeth. Although 
poor Wells, discredited, took his own 
life a few years later, his advocacy of 
the gas ca ught on. First a few very pop
ular pain-killing dentists used it, then 
about a century ago it became a major 
element in the induction of deep gener
al anesthesia. 

During the past century a billion and 
more patients have inhaled medical ni
trous oxide for sedation, analgesia or 
anesthesia. Diethyl ether and chloro
form, its odorous volatile siblings in 
history, have fallen into disuse, their 
dangers well known. A battery of more 
modern volatiles vaporized into the 
stream of inhalant gas have replaced 
them, and an arsenal of drugs, largely 
opiatelike fluids administered by inoc
ulation, complement the inhaled mix
ture. Low.solubility has meant quick 
onset and quick recovery from anes
thesia; gas diffuses faster than heavy 
vapors do. Its effects on the circulato
ry system are small; there seem to be 
a number of offsetting consequences. 

How the gas works is not well 
known, even after much experiment. 
The main inferences are drawn from 
the relation between the analgesia pro
d uced by morphine and that prod uced 
by nitrous oxide. A single drug can re
verse both, at least in part. The chief 
effect of the gas on nerve transmission 
lies within the spinal cord. But there 
are complications in the models. The 
best surmise is that the gas acts indi
rectly, perhaps through a pain-inhibit
ing system in the spinal cord that re
leases a substance whose effect in turn 
inhibits a particular neurotransmitter 
required for pain-signal passage. 

Nitrous oxide, the least potent and 
least soluble of the familiar agents 
against pain, has long been used as an 
auxiliary gaseous carrier of the more 
powerful specifics. Now that incisive 
quantitative studies have been made of 
the effects of the gas, i't appears that 
general anesthesia has been mainly 
due to the nitrous oxide itself. What 
the specialist saw as well-controlled 
isoflurane anesthesia was instead a 
supplemented treatment by laughing 
gas. In the typical mix of about two
thirds nitrous oxide, one-third vital 
oxygen and .5 percent of one of the 
modern volatiles, the high concentra
tion of Davy's gas has had greater ef
fect than the small amount of the po
tent vapor. 

The gas is manufactured worldwide 
more or less by the method Davy used: 
the decomposition of solid ammonium 

nitrate by heat. That cheap ferti.lizer is 
notorious as a covert high explosive. 
Indeed, no chemical has claimed a 
larger toll of life by acute accident, 
chronic effects aside, than has ammo
nium nitrate. The two shiploads whose 
detonation wrecked Texas City pro
duced the gravest among two dozen 
accidental explosions. The first, a trag
ic accident in the Ruhr at the close of 
World War I, revealed the instability 
of the inert-seeming stuff. 

Infreq uent accidents after prod uc
tion.also happen. One patient in Bris
tol, England, in the 1960's died on the 
table breathing gas from a cylinder 
that held a 1 percent impurity of the 
toxic higher oxides of nitrogen. "Since 
early in this century, every cylinder of 
nitrous oxide in the United States has 
been analyzed before its release." 

There are no known acute toxic ef
fects of nitrous oxide in the liver or 
other organs, nor does it appear to be a 
mutagen or a carcinogen. Neurologi
cal symptoms do emerge on protracted 
exposure (24 hours at high concentra
tion will do it). The symptoms are ac
companied by the signs of vitamin B12 
deficiency even in the presence of nor
mal amounts of serum vitamin. It 
turns out that the gas oxidizes the co
balt-containing vitamin B12. That mol
ecule is a bound cofactor of the en
zyme methionine synthetase. Inacti
vation of the enzyme impairs DNA 
synthesis and hence the growth of 
cells, placing the blood-forming sys
tem clearly at risk. Cellular changes 
in the bone marrow that recall perni
cious anemia have shown up clearly 
among the chronically exposed. Pa
tients with wounds to heal or pregnant 
patients with growth to foster are not 
the best candidates for this anesthetic. 

The hazard to cell growth endan
gers staff more than it threatens surgi
cal patients. The source of the prob
lem is chronic expos·ure to low doses 
of leaked gas. Scavenging measures 
against waste gas to safeguard operat
ing-room staff are now held to be im
portant, and fortunately they are not 
very demanding. 

The use of Davy's gas for its psycho
logical rewards has persisted. The air 
of safety about the stuff (long promot
ed by the medical academy) has drawn 
quite a few students and professionals 
to this pharmacologic diversion. In the 
1960's the soaring popularity of ni
trous oxide in pediatric dentistry of
fered easy availability at the very time 
a culture of drug indulgence emerged. 
In a 1979 survey at an East Coast uni
versity up to 20 percent of the medical 
and dental students had experience 
with recreational use just as their ro
mantic counterparts had had a century 
back. The students inhaled the gas at 
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parties; overworked professionals re
lied on it for relaxing at the office. 
The whipped-cream spray cans whose 
contents decorate many an ice-cream 
sundae are pressurized with the fat
insoluble nitrous oxide. "A resource
ful child" can extract the gas right in 
the store by inverting the can, without 
even having to pay for it. The risk of 
abuse is real; the long-term effects are 
serious, and an occasional death oc
curs from asphyxia or other accidents 
during uncontrolled inhalation. 

The use of nitrous oxide for deep 
anesthesia unsupp1emented except for 
oxygen enough to support life is not 
practical. The best measurements 
show that a concentration of slight
ly more than 100 percent is reg uired 
within the lung spaces. That is avail
able by using pressure above atmos
pheric. An ingenious system was de
veloped to do just that by a student of 
Claude Bernard more than a century 
ago; his heavy chambers maintained a 
pressure of two atmospheres. 

Alternation of pure nitrous oxide 
with oxygen-in time to prevent as
phyxia-was once a common practice. 
Concentrations high enough to abolish 
spoken response and to induce amne
sia run somewhat lower. Nitrous oxide 
and oxygen, more or less half and half, 
self-administered on demand without 
an anesthetist's presence, provide a re
lief from pain that is much used in the 
first stage of labor. Nowadays it is par
ticularly popular because it brings no 
marked loss of awareness. 

There are a number of more me
chanical difficulties the large volumes 
of gas can cause in patients just before 
they awaken. Nitrous oxide remains 
the most benign of analgesics, and 
technically it is the least demanding, 
but it is certainly not free of risk. 

The up-to-date book gathers 20 
g uite technical chapters by research 
ahd clinical specialists from Britain 
and America that together lay out the 
tale just told. It ends with a direct 
confrontation of opinion. The editor 
is prosecutor; he maintains we know 
enough of the risks now to discontinue 
the use of nitrous oxide. The FDA 
would by no means approve the sub
stance were it brand-new, he argues in 
a witty mock application. The rejoin
der is strong. We could certainly get 
along without the gas, but "would the 
alternative be better than what we now 
have? " Those billion patients have en
countered little clinically demonstrat
ed toxic effect from occasional use; the 
established serious side effect seems 
related more to chronic exposure. 
Change itself has risks wnen it must be 
so widespread. 

For now it looks as though Davy's 
wonderful gas will remain in prudent 

use, until some better path is found 
around acute pain. 

NUMBER THEORY IN SCIENCE AND 

COMMUNICATION: WITH ApPLICA

TIONS IN CRYPTOGRAPHY, PHYSICS, BI

OLOGY, DIGITAL INFORMATION, AND 

COMPUTING, by M. R. Schroeder. With 
67 figures. Springer-Verlag ($24.50). 
Formulation of the fused space-time 
of Einstein's theory, "neither space by 
itself, nor time by itself," was the cele
brated last work of the young mathe
matician Hermann Minkowski. A few 
years earlier he had written: "Above 
all, I am an optimist for number theo
ry, and I hold the hope that we may not 
be far from a time when irrefutable 
arithmetic will celebrate its triumphs 
in physics and chemistry." His portrait 
appears as a fitting frontispiece to this 
lighthearted and readable volume. The 
book makes plain that the time Min
kowski forecast back in 1905 is here. 
Prime numbers can reasonably consti
tute state secrets today, and the deli
cate relations of divisibility and con
gruence are of decisive importance to 
the experimenter. 

The author is a theoretical physicist 
who gives both academic G6ttingen 
and applied Murray Hill as his ad
dress. The subtitle lists the wide range 
of applications he treats, applications 
to which he has been a productive 
contributor. The book is a physicist's 
book, drawing on intuition and guided 
by results, seeking less to generalize 
than to explore core ideas by example 
and outline. It is useful mathematics 
given outside the formalities of theo
rem and proof, but it includes plenty 
of both within its 30 brief chapters. 

The first half-dozen chapters lay be
fore the reader the classical theory of 
primes. A few pages on certain valued 
coincidences justify the fact that in 
computerese the prefix kilo- means not 
103 but the near-miss 210, or 1,024. 
Here is the musical circle of fifths, 
wherein (3/2)12 pretty nearly meshes 
in a post-Pythagorean way with 27. 
Twelve only slightly "tampered" inter
vals of 3 /2, called fifths, can thus genu
inely form seven octaves. 

Those simplicities over, one meets 
the primes face to face. The introduc
tion is broad: it ranges from the Eu
clidean demonstration that there is no 
largest prime to a physicist's persua
sive derivation of the probabilistic dis
tribution of primes among the inte
gers. A delightful section shows us that 
way up there are primeless expanses of 
arbitrary length, yet there is not one 
octave of numbers without its primes. 
Such are the uses of infinity. 

A graph shows the "astounding reg
ularity" of the Mersenne primes: they 
are the yield of a formula that purports 

Close 
your eyes. 
Now have 
someone 
read this 

to you. 
You are blind. A student. 

Facing fou r years of college. With 
about thirty-two textbooks to 
read. Plus fifty supplemental texts. 
How are you going to manage? 

With Recording for the Blind. 
Since 1951, we've helped over 
53,000 blind, perceptually and 
physically handicapped students 
get through school. By sending 
them recordings of the books they 
need to read. Free. 

Recording for the Blind is 
non-profit, and supported by 
volunteers and contributions from 
people like you who can imagine 
what it's like to be blind. 

You r tax-ded uctible donation 
will help our students meet their 
educational goals. We'd all be 
grateful. 

If you want to know more 
about us, write: 

, .... f' 
Recording 

for the Blind, Inc., 
an educational lifeline. 

Station E, 215 East 58th Street, 
New York, New York 10022 

(212) 751-0860. 
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of The New Atlas of the Universe is 
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to supply prime candidates in th<;>se in
tegers just one smaller than a prime 
power of 2. Its first miss is at a paltry 
211, since 2,047 equals 23 times 89. We 
know 28 Mersenne hits now, the larg
est being at the 86,243 power of 2. By 
various arguments we can rationalize a 
good bet that the next such prime will 
be around 1038,00°, "give or take a doz
en thousand orders of magnitude." 

The last theorem of Pierre de Fer
mat's, another classical challenge, 
maintains that the Pythagorean hypot
enuse result, 32 + 42 = 52, cannot be 
generalized to any exponent higher 
than 2 and still retain integer solutions 
(apart from quibbles). Fermat claimed 
a "truly remarkable proof," too long 
to write in the margin, that for three 
centuries has eluded everyone else. A 
communique from that front in 1976 
reported any counterexample must in
volve solutions larger than 100,000 
and an exponent larger than 125,000! 
Fermat's proposition will "probably 
never be proved or disproved." 

But all that is prologue, free of 
known application, the time-honored 
diverting purity of the relations among 
the unending integers. The remaining 
chapters introduce rather deeper ma
terial, now chosen to provide an ac
count of many recent applications. 

The first of these to be sketched here 
is the most familiar: the use of the fac
toring of numbers in a powerful new 
form of encryption. In this scheme 
anyone who wants to receive a secret 
message simply publishes two large in
tegers, one as a main key, one as an 
auxiliary, each chosen in a certain way. 
Anyone who wants to send a secret 
message to that recipient writes the 
message as an integer (a long binary 
string of agreed letter codes, say). The 
sender computes from the two key 
numbers a known function of the big 
numerical message and sends it on. Yet 
no one can decrypt the number sent by 
using the published key integers alone. 
What is necessary besides is two prime 
factors that have been multiplied to
gether to form the main public key. 

The method is described in detail. 
The decisive element is that it is easy to 
multiply two primes but very hard to 
find those two factors, given only their 
product. (Note that we are of necessity 
in the epoch of the computer; the fac
tors in question are chosen as primes 
about 50 decimals long.) The method 
depends on an 18th-century result de
rived by Leonhard Euler that relates 
the coding function through some fa
miliar operations of number theory to 
the count of the divisors of the main 
key. Without knowledge of the factors, 
that count is beyond the computers of 
the day. Theory shows a 50-digit num
ber has only about half a dozen prime 
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factors; these typically include 12-
place numbers. Factoring such num
bers is not hard today, but it is a differ-

. ent matter to factor a number built out 
of two 50-place primes. 

Begin with the idea of congruence as 
an extension of equality among inte
gers, one defined by eq ual remainders 
after division by a given prime num
ber. Thus 12 is congruent to 2, modulo 
5. Casting out 9's, an old trick for 
catching errors in addition, is a simple 
application of the fact that any power 
of 10 is congruent 1 modulo 9. By the 
same argument casting out 99's in a 
number base of 100 would also suc
cessfully detect errors. The modern er
ror-correcting codes indispensable to
day in telecommunications arise from 
quite analogous ideas. 

The most fruitful source of applica
tions treated is the finite (or Galois) 
field. In simplest form a field is a trun
cated set of numbers that support con
sistent operations of arithmetic in 
the restricted meaning of congruence. 
Thus the integers 0 through 6, and no 
more, support addition, subtraction 
and multiplication "to our heart's con
tent" if we disregard any differences 
that are multiples of 7. Clearly 3 -
6 = 4, 2 X 4 = 1 (mod 7). Division 
mod 7 is curious; it demands 3/2 = 5 
and 1/6 = 6, as can be checked. But 
there is full consistency, and the 
scheme is widely generalizable. 

The theory of finite fields was long 
ago applied to mathematical problems 
of great importance. Certain families 
of them "play a dominant role in to
day's digital world." Their elements 
are not simply numbers but instead 
more complex' algebraic entities, for 
example polynomials in one variable. 
Any student of elementary algebra has 
labored to factor such polynomials, 
and a remainder on division is no nov
elty; the analogy with the integers is 
plain enough. Fields generate sets of 
quantities with remarkably simple re
cursive properties even when the num
ber of elements is very large. That is 
just what is needed for forming error
correcting codes able to show the pres
ence of multiple errors. Those faint ra
dar returns from the planets yield sig
nificant results, the signal far down 
in the noise, only because such tech
niques have been ingeniously applied. 

Pulses of light or sound or micro
wave using field elements to _ assign 
phase or amplitude have waveforms of 
remarkable properties. For example, 
signals can be produced with energy 
distributed pseudo-uniformly in both 
frequency and time. These schemes 
have been used also to design sound
diffusing surfaces for concert halls, 
and perhaps radar-diffusing surfaces 
for Stealth aircraft as well. 

HI MUST GET OUT OF THESE WET 
CLOTHES AND INTO A DRY MARTINI:' 

So exclaimed Alexander 
Woollcott one rainy day to his 
cronies at the famous old 
Algonquin Round Table. 

Woollcott was not alone 
among the literary lions in 

his regard for America's favorite cocktail. 
Somerset Maugham and Alex Waugh 

were both avowed martini men. 
But none, including Woollcott, was really 

inclined to save his martini for a rainy day. 
After all, New York has been known to 

go weeks without rain. 
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The Growth of Core Regions 
in the Third World 

They contain much of the industry and most of the major cities. 
Since 1950 core regions in developing nations have been gaining 
population at a rate that poses grave social and economic problems 

W
hat is the most pressing 
demographic problem in the 
Third World? The answer 

generally given to the question is rapid 
population growth. Yet in many devel
oping nations there is a demographic 
problem with far more serious imme
diate implications: the increasing con
centration of the population in the 
major cities. South Korea provides a 
dramatic example. In 1955 the popula
tion of South Korea was 21. 5 million, 
18 percent of whom lived in or near 
Seoul. During the next 25 years more 
than half of the population growth 
in the country took place in the re
gion of the capital. By 1980 the to
tal had reached 37.4 million and 36 
percent of all South Koreans lived in 
or near Seoul. Furthermore, in 1980 
more than half of all the economic pro
duction in South Korea took place 
within 25 kilometers of the center of 
the capital. 

In the terms of economic geography 
Seoul and its environs constitute the 
"core" of South Korea. The remainder 
of the country constitutes the "periph
ery." The core, which may cover a con
siderable portion of the national terri
tory, is the nerve center of the nation. 
In addition to containing much of the 
country's industry and urban popula
tion, the core is generally the hub of 
the transportation network and the 
seat of the national government. Be
cause of the significance of the core, 
disruption there can threaten the sta
bility of the entire nation. Through-
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by Daniel R. Vining,]r. 

out the Third World rapid popUlation 
growth in core regions is having just 
such a disruptive effect. Some of the 
large cities in developing nations are so 
crowded and polluted that it appears 
they have reached the limit of the car
rying capacity of their environment. 
Moreover, rapid demographic growth 
in the core creates a demand for hous
ing, transportation and sanitation that 
strains the budget of a poor country. 
The disproportionate government in
vestment required to meet such needs 
and forestall chaos in the core can 
cause considerable unrest among resi
dents of the periphery. 

Policymakers in several developing 
countries are concerned that the dis
proportionate growth of the core has 
begun to pull their nations toward 
political or environmental disaster. 
Yet in non-Communist countries poli
cies that could effectively restrain the 
growth of the core are not easy to 
come by. The reason is that the expan
sion of the core is largely a by-product 
of economic growth, which is itself de
sirable. In the process of economic de
velopment it is more efficient to invest 
in the core than it is to invest in the 
periphery. As a result both public and 
private investment tend to become 
concentrated in the core region. The 
relatively high standard of living there 
draws an increasing number of people 
from the countryside. In Communist 
countries, where the government has 
considerable control over the move
ments of individuals, the growth. rate 

of the population in the core can be 
kept down. In most non-Communist 
countries, on the other hand, the flow 
toward the core slows only when eco
nomic production reaches a fairly high 
level and public investment can be dis
persed throughout the country. Recent 
evidence suggests, however, that even 
at a fairly low level of economic de
velopment the movement toward the 
core can be restrained by government 
policies that improve life in the pe
ripheral regions. 

These patterns have emerged from a 
recent survey of 46 Third World 

countries. The aim of the survey was to 
find out whether the movement toward 
the core, which was quite rapid in the 
1950's and 1960's, had slackened dur
ing the 1970's. The countries selected 
met two criteria. First, they had car
ried out a national census in 1980 or 
within a year or two of that date. Sec
ond, they possessed census data cover
ing either all or most of the period 
since 1950. Together the countries in 
the survey include representatives of 
all the major regions of the Third 
World. The only significant omissions 
are in Africa, where many nations do 
not conduct regular national censuses. 

The concept of the core is employed 
by geographers to explain economic 
and demographic trends over a na
tion's territory. Censuses are carried 
out according to administrative areas 
such as provinces and states rath
er than according to the distinction 
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P'YONGY ANG, capital of North Korea, is a city whose growth 
has been carefully controlled by the country's Communist govern
ment. The photograph shows Chollima Street, one of the capital's 
main thoroughfares. The streets of P'Yongyang are uncrowded be
cause there are few private automobiles in North Korea. The blocks 

SEOUL, capital of South Korea, has grown uncontrollably since 
World War II, as this photograph of a busy commercial distict sug
gests. The population of the Seoul metropolitan area is currently es
timated to be 13.7 million. The major streets of Seoul are so crowd
ed during the rush hour that streetcar service had to be eliminated 

of apartments at the rear and the park in the foreground are typical 
of contemporary p'yongyang. The city, heavily damaged by U.S. 
bombing during the Korean conflict, has been rebuilt in a planned 
way and its growth has been strictly limited. In 1980 the estimated 
population of the P'Yongyang metropolitan area was 1.7 million. 

in 1969. A subway system intended to replace the streetcars is not 
yet complete. Seoul faces shortages of housing, water, electricity and 
sewage facilities. Non-Communist governments of Third World 
nations where economic development is well under way have gen
erally found it difficult to control the growth of their major cities. 
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between the core and the periphery. 
Therefore in analyzing census data 
an approximation of the core region 
must be constructed by combining ad
ministrative districts. In the current 
survey an approximation somewhat 
larger than the actual core region was 
constructed for each country. Since 
some people may move to the actual 
core from the fringes of the approxi
mate area, the procedure could yield 
a slight underestimate of migration to 
the core. The method does, however, 
give a reasonably accurate picture of 
demographic trends there. 

In a Third World nation with a well
established, dominant core region the 
population growth rate in the core typ
ically exceeds the average rate for the 
entire nation by from 10 to 20 per 
1,000 population per year. For exam
ple, the average growth rate in a Third 
World country might be such that for 
each 1,000 residents at the beginning 
of the year there are 1,030 at the end. 
In the core the corresponding increase 
would be from 1,000 to, say, 1,045. 
Such relative growth is not due to the 
fact that the rate of natural increase is 
higher in the core than in the periph
ery. In most developing countries the 
rate of natural increase is high in both 
the core and the periphery and is about 
equal in both areas. Rather than being 
due to a higher rate of natural increase, 
the relative growth of the core is due to 
migration from the hinterland to the 
big cities. Such migration can produce 
large changes in popUlation concentra
tion in a short time. 

The results of the current survey 
suggest that the two factors with the 
greatest power to explain trends in 
population concentration in the devel
oping nations are the level of econom
ic development and whether the coun
try has a Communist political struc
ture or a non-Communist one. As we 
shall see, other factors have a role but 
these two account for much of the ob
served variation among the countries 
in the sample. Of the 46 nations, by far 
the largest group is made up of the 
non-Communist nations where eco
nomic development is well under way 
and the flow of migrants toward the 
core is stable or increasing. 

In Latin America the regions that in
clude and surround Mexico City, Sao 
Paolo, Santo Domingo, Panama City 
and Quito and Guayaquil all had 
stable or rising rates of population 
growth during the 1970's in relation to 
the national population growth rate. In 
South Asia, New Delhi, Bombay, Cal
cutta, Karachi and Dakha with their 
surrounding regions had higher net mi
gration rates in the 1970's than in the 
preceding two decades. The main cit
ies of East and Southeast Asia (apart 
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from those of the Communist coun
tries), including Seoul, Taipei, Manila, 
Jak,arta, Bangkok and Kuala Lumpur, 
also had stable or rising net migration 
rates in the 1970's compared with their 
average rates in the postwar period. 

Most of the core regions of North 
Africa and the Middle East also 

display increasing rates of relative 
growth. In particular the regions that 
include and surround Algiers, Tunis, 
Teheran and the two urban centers of 
Tripoli and Benghazi in Libya are 
growing rapidly in relation to the rest 
of the nation. On the other hand, in 
Turkey there was a reduction during 
the late 1970's in the rate of migration 
toward the major cities of Ankara and 
Istanbul. The decline was probably 
due to the political and social unrest 
that disrupted those cities in the second 
half of the past decade; it is likely to 
prove temporary. 

The sketchiness of census data in 
much of sub-Saharan Africa makes it 
difficult to analyze the demographic 
relations between the core and the pe-

riphery. It is clear, however, that in 
the countries south of the Sahara the 
core is smaller (both as a fraction of 
the national population and in abso
lute size) than elsewhere in the Third 
World. The major exceptions are La
gos in Nigeria and Kinshasa in Zaire 
(for which there are few census data) 
and the metropolitan areas of South 
Africa, which are rapidly increasing 
their share of all four racial groups 
represented in that country. Because 
the core regions in sub-Saharan Africa 
are small, migration can yield a high 
rate of relative population growth. 
The rate of redistribution in sub
Saharan Africa in some instances 
exceeds 70 per 1,000 popUlation per 
year, compared with the 10 to 20 that 
is typical of a developing country with 
a large, dominant core region. As the 
size of the core increases, the rate ini
tially falls and then stabilizes at a low
er level. Therefore the pace of redistri
bution may slow in the future. For the 
moment, however, the rates of move
ment toward the core in sub-Saharan 
Africa remain high. 
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CORE CORE FRINGE PERIPHERY NATIONAL AVERAGE 

CORE REGION OF ECUADOR attracts population at a rapid rate. The map at the upper 
left shows the core, core fringe and periphery of Ecuador as defined by Richard W. Wilkie 
of the University of Massachusetts at Amherst. A nation's core region generally includes 
much of its industry and most of its major cities. In Ecuador the core includes Quito, the 
capital, and Guayaquil, the major PQrt. The chart at the lower left shows the proportion by 
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Several demographic factors com
bine to intensify the adverse effects of 
population shifts toward the core in 
the Third World. One is the fact that in 
most Third World cores there are few 
cities. In the industrial countries the 
core region generally includes sever
al large cities. In developing nations, 
however, the core frequently includes 
only one major city. Hence in a devel
oping country almost all migration to 
the core swells the population of a sin
gle city. Furthermore, the movement 
toward the core in the developing na
tions is taking place while the overall 
rate of population growth is considera
bly higher than it was in Europe or the 
U.S. during the process of industrial
ization. As a result Third World :oun
tries face two separate but closely re
lated problems: the proportion of the 
national population living in the core 
is increasing rapidly and the absolute 
size of the major cities is also reaching 
an unmanageable level. 

Ecuador and Panama provide ex
amples of countries where the propor
tion of the population in the core has 

increased dramatically in recent dec
ades. In 1952 the regions of Ecuador 
that ·include Quito, the capital, and 
Guayaquil, the port, held 30 percent of 
the national population. In 1982 the 
fraction was 42 percent. If the current 
rate of redistribution persists, by the 
year 2000 more than half of the popu
lation will live in or near the two cities. 
Between 1950 and 1980 the fraction 
of Panama's population living in and 
around the capital increased from 31 
to 46 percent. If current trends persist, 
by 1990 the proportion will be well 
over half. 

The planning problems caused by 
the sharp increase in the absolute size 
of Third World cities is demonstrated 
by the core region of Indonesia: the 
sprawling metropolis called Jabota
bek, which is centered on Jakarta. In 
1961 the population of Jabotabek was 
6.7 million. During the next 20 years 
the growth rate of Jabotabek was sig
nificantly higher than that of the coun
try as a whole and by 1981 the metro
politan region had a population of 
more than 13 million. It has been es-

timated by the Ministry of Public 
Works of Indonesia that it will cost the 
Indonesian government $1.2 billion 
over the next 10 years to build a public 
transportation system for Jabotabek. 
That figure is almost seven times as 
much as the amount included in the 
national budget for all forms of public 
transportation throughout the entire 
country from 1984 through 1988. It 
has also been estimated that to provide 
an adequate water supply for Jakarta 
alone will cost an amount equal to 60 
percent of the total public investment 
in water supplies throughout the coun
try under the recent five-year govern-
ment plan. 

' 

Although the cost of providing public 
I\. services in the core is high, there is 
considerable pressure on the govern
ment of a developing nation to invest 
its capital there. Part of the pressure is 
clearly political; the political stability 
of the nation often depends on pre
venting unrest in the core. The rapid 
demographic growth of the core re
gions implies that large sums must be 

which the population of the various regions and the nation as a 
whole increased from 1974 to 1982_ The core is growing faster than 
Ecuador as a whole; the core fringe and the periphery are grow
ing more slowly. On the computer-generated map at the right, which 
was made by Wilkie and John Montgomery, the height of each prov-

ince corresponds to its popnlation. The provinces containing Quito 
and Guayaqnil dominate the population distribution. In countries 
such as Ecuador that are undergoing economic development the 
growth of the core region appears to be caused largely by the fact 
that both public and private investment are concentrated in the core. 
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spent to keep the core running smooth
ly, or at least to keep it from dissolv
ing into complete political disorganiza
tion. Therefore schools, roads, public 
transportation and systems to provide 
communications, water and sanitation 
tend to be constructed in the core re
gion before they are constructed in 
the periphery. 

Moreover, the returns to public in
vestment in the core appear to be even 
higher than the costs. Services such 
as transportation and communications 
make up the infrastructure of modern 
industry. The existence of the infra
structure in the core region constitutes 
a powerful attraction to a company 
planning to build a new industrial 
plant. Hence industry gravitates to the 
core. Once a nucleus of industrial com
panies exists in the core the advantages 
of building a new plant there increase 
still further. The additional advan
tages are due to the fact that it is more 
efficient to locate a plant where oth
er companies are nearby to supply 
parts, markets, consultants and ancil
lary services. In addition the indus
trial nucleus is associated with a pool 
of relatively skilled labor. 

As a result of these advantages, 
which economic geographers call the 
"economies of agglomeration," a com
pany choosing a site for a new plant 
will probably choose the core. When 
an industrial plant opens in the core, it 
brings with it new jobs. Industry is not 
the only source of work in the expand
ing core. The growing bureaucracy 
needed to administer public invest
ment provides many jobs, as does the 
semilicit service economy found in 
almost all large Third World cities. 
Work in an industrial plant, in a bu
reaucratic office or in the black market 
offers a significantly higher standard 
of living than is available in the pe
riphery with its sleepy peasant villages 
and slow-growing provincial cities. 
The superior standard of living has a 
powerful attraction for the people of 
the peripheral regions, who flock to the 
main cities. 

I f the relatively high standard of 
living prevailing in the core is the 

underlying force that drives the con
centration of population, then the re
duction of the differential in living 
standard between the core and the pe
riphery ought to reduce the flow of 
population toward the core. There are 
at least two ways the differential could 
be reduced. The first is for the pace of 
economic growth in the core to slow 
and the second is for the standard of 
living in the periphery to be raised. 
Both patterns can be seen among the 
46 nations in the survey. 

Peru and Chile are countries where 
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economic stagnation appears to have 
slowed the growth of the core. In the 
1970's the relative growth rate of 
Lima and Santiago was about half the 
post-World War II average. The de
cline is probably best explained by the 
protracted economic stagnation that 
began in both countries in the early 
1970's and is still going on. Econom
ic stagnation, however, appears to re
tard population concentration only in 
countries such as Peru and Chile, 
which have a substantial industrial 
base. In countries where there is little 
industry the rate of migration to the 
major cities may be independent of the 
state of the economy. For example, the 
economies of countries in sub-Saharan 
Africa are not growing rapidly but mi
gration to the cities continues at a high 
rate. A plausible explanation for the 
continued migration is that people are 
drawn to the cities because per capita 
food production is falling and food im
ported from abroad arrives in the ur
ban centers. Since transportation be
tween the core and the periphery in the 
sub-Saharan countries is poor, little 

imported food reaches the hinterland. 
As long as the agricultural base contin
ues to decline the rapid migration will 
probably continue. 

The example of the sub-Saharan 
countries suggests that the effect of 
overall economic growth on popula
tion concentration can be modified by 
other factors. Egypt is another country 
where factors other than overall eco
nomic development have a significant 
role. Egypt is at an intermediate lev
el of development and a high rate of 
population concentration would be 
expected there, all other things being 
equal. Moreover, the pace of econom
ic growth has probably accelerated 
over the postwar period. In recent 
years per capita income has been in
creasing at the rate of 4 percent per 
year. In spite of such economic ex
pansion, however, the relative growth 
rate of Cairo declined sharply between 
1966 and 1981. 

In the case of Cairo the factor that 
modifies the effect of economic growth 
is probably population density. Be
tween 1947 and 1981 the population of 
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PERIPHERAL REGIONS OF ARGENTINA are gaining population faster than the core 
region is. The map at the upper left shows the core, core fringe and periphery of Argentina. 
The core so defined includes Buenos Aires and more than half of the national population. 
The chart at the lower left shows the proportion by which the population of the three re
gions and the nation as a whole increa�ed from 1970 to 1980. The population of the periph-
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Cairo increased from 3.6 million to 
more than 10 million. Cairo has be
come one of the densest cities in the 
world. Indeed, the Egyptian capital 
has become so large and so dense that 
its size serves to reduce the advantages 
that accrue from locating an industrial 
plant in the core region. In particular, 
crowding, traffic congestion and envi
ronmental pollution have probably in
creased considerably the cost of doing 
business in Cairo. 

Peru, Chile and Egypt are countries 
where the rate of population con

centration has fallen because the at
tractive power of the core has been re
duced. The rate of migration can also 
be reduced as a result of investments 
that raise the standard of living in the 
peripheral regions. Capital is scarce 
in the Third World and in most in
stances investment in the periphery is 
possible only at a fairly advanced stage 
of economic development. Only a few 
countries in the survey have achieved 
the level of development where sub
stantial investment can be made in the 

periphery. They include Argentina, 
Venezuela, Greece, Spain and Ireland. 

These five nations make up a group 
of "advanced" developing countries 
that fall between the Third World and 
the industrial nations of western Eu
rope, Japan and the U.S. in economic 
production. In 1970 the gross domestic 
product (G.D.P.) per capita among the 
five countries, which is an excellent in
dex of national economic production, 
ranged from $2,618 in Venezuela to 
$3,253 in Spain. (The figures have been 
computed in 1975 dollars to provide a 
control for the effects of infiation.) In 
comparison the G.D.P. per capita of 
Indonesia in 1970 was $370 in 1975 
dollars and that of Ecuador $984. In 
all five of the relatively advanced de
veloping countries there was a sharp 
decline after 1970 in the rate of redis
tribution toward the dominant urban 
areas (Buenos Aires, Caracas, Athens, 
Madrid and Barcelona and Dublin). 
The lesson of these countries for the 
rest of the developing world is clear: a 
sufficient condition for a decline in the 
net �igration rate to the core is that 

the country exceed a threshold of total 
economic production. The threshold 
appears to be a per capita G.D.P. of 
roughly $3,000 in 1975 dollars. 

The fundamental pattern of migra
tion in a developing country does not 
change automatically when economic 
production reaches a certain level. The 
achievement of the economic thresh
old, however, enables the national 
government to make a significant in
vestment in the peripheral regions. 
Roads, hospitals, schools, communi
cations networks and sanitation sys
tems are built in outlying areas where 
none of these services had existed. The 
provision of services raises the stan
dard of living for residents of the 
periphery. Furthermore, the services 
form the basis of the infrastructure, 
which attracts industry to the peripher
al regions. With jobs available close 
to home, the traffic-choked, smog
wrapped capital no longer looks so at
tractive to those who live on farms or 
in the provincial cities. 

Thus one of the keys to reducing the 
rate of migration to the core is the 

ery is growing faster than the national average and also faster than 
the population of the core. On the computer-generated map at the 
right the height of each area corresponds to the proportion by which 
the population there increased from 1970 to 1980; the map was 
made by Wilkie and Thomas Gallagher. Buenos Aires appears as 

the small spike at the lower margin of the map. The "bowl" around 
Buenos Aires shows how slowly the core is growing. Economically 
Argentina is one of the most advanced developing nations. In gener
al among the non-Communist developing countries migration to 
the core decreases only when an economic threshold is reached. 
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dispersal of the ind ustrial infrastruc
ture throughout the country. The dis
persal appears to be taking place rela
tively earlier in the course of economic 
development in the Third World than 
it did in western Europe, Japan and the 
U.S. In many of the industrial coun
tries the rate of migration toward the 
core did not fall substantially until 
the 1970's, when economic produc
tion was already much greater than it 
currently is in any part of the Third 
World [see " Migration between the 
Core and the Periphery," by Daniel 
R. Vining, Jr.; SCIENTIFIC AMERICAN, 
December, 1982). 

For example, it was not until 1970, 
when the per capita G.D.P. of Japan 
was more than $4,000 in 1975 dollars, 
that the rate of net migration to the 
core region stretching from Tokyo to 
Osaka began to fall sharply. The rate 
of migration to the cores of Denmark 
and Sweden began to fall at about the 
same time; per capita G.D.P. in those 
countries was then more than $5,000. 
In the developing nations, however, 
the threshold for a deceleration of the 
flow is only about $3,000 in 1975 dol
lars. Furthermore, the threshold cur
rently seems to be falling still further. 
The most recent data from Taiwan 
show a rapid decline in the net migra
tion rate to the Taipei region begin
ning in about 1980; in that year the 
per capita G.D.P. in Taiwan was ap
proximately $2,500 in 1975 dollars. 

The reason the infrastructure can be 
dispersed through the periphery soon
er in the Third World than it was in the 
ind ustrial nations is that technological 
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innovations have reduced the cost of 
constructing the systems that form the 
infrastructure. In particular the cost 
of building transportation and com
munications networks has decreased. 
Therefore national governments in the 
developing nations can build such sys
tems at an earlier stage of develop
ment than the older industrialized na
tions could. 

Although in most developing na
tions little public investment is made 
in the periphery until the economic 
threshold is reached, one country in 
the survey is an exception to the rule: 
Sri Lanka. The example of Sri Lanka 
shows that even at a fairly low level 
of economic development life in the 
peripheral regions can be improved 
considerably. In 1980 the per capita 
G.D.P. of Sri Lanka was only $838 in 
1975 dollars. The government of Sri 
Lanka, however, has succeeded in pro
viding virtually equal access to food, 
shelter, education and health care 
throughout the national territory. As 
a result Sri Lanka has an exception
ally high life expectancy, a high lit
eracy rate, a low infant mortality 
rate and very little undernourishment 
compared with other countries at the 
same level of material production. 

The equalizatiori of access to funda
mental services in Sri Lanka has less
ened the disparity between the core 
and the periphery and apparently al
most eliminated the incentives for in
terregional migration. Since the mid-
1940's the proportion of the national 
population living in and around Co
lombo, the capital, has actually de-
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clined. In 1946, 21.3 percent of the 
population lived in the core region; by 
1981 the proportion was 20.8 percent. 
In Sri Lanka, however, reduced eco
nomic growth may have been the price 
paid for reducing migration. Per capi
ta economic production in Sri Lanka 
has increased quite slowly since 1945. 
The economy of Sri Lanka remains 
largely agricultural and the absence of 
a concentration of heavy industry has 
contributed to curbing migration to 
the core. 

The example of Sri Lanka shows 
why population concentration is such 
a vexing problem. The concentration 
of investment in the core region, which 
causes the migrational flow, is the most 
efficient route to increased production. 
Investment can be diverted from the 
core only at the cost of retarding eco
nomic growth. Economic growth is, of 
course, essential to providing a better 
life for a country's citizenry. Hence the 
governments of Third World nations 
face difficult choices. To decrease the 
difficulty of the choices what is needed 
is a means of curbing the growth of the 
major urban centers without at the 
same time halting economic growth. 

Communist countries face the same 
difficult choices, but they have for 

the most part chosen a solution differ
ent from that of their non-Communist 
counterparts: stringent policies aimed 
at limiting the growth of the largest 
cities. Such policies have worked. For 
example, Havana's share of the Cuban 
population is almost exactly what it 
was in 1943. Dean Forbes and Nigel 
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ECONOMIC THRESHOLD for a decrease of the flow of popula
tion to the core appears to be a gross domestic product (G. D.P.) 
of about $3,000 per capita (in 1975 dollars). In each graph the black 
curve shows the per capita G.D.P. The colored curve shows the 
amount by which the rate of population growth in the core exceeds 
the rate for the entire nation. In Thailand (left) economic devel
opment is at a fairly low level but is gathering momentum; the rela-

tive growth of the core is accelerating. In Venezuela (right) the thres
hold level of $3,000 per capita was reached during the 1970's; in the 
same decade the flow of population toward the core declined steep
ly. The core of Venezuela may now be growing more slowly than 
the nation as a whole. The achievement of an economic threshold 
makes it possible for a nation to increase the investment that is made 
in the periphj!ry, which reduces the incentive for moving to the core. 
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Thrift of the Australian National Uni
versity have shown that the govern
ment of Vietnam has reduced the pop
ulation of Ho Chi Minh City (former
ly Saigon) from 4.5 million in 1975 to 
3. 1 million in 1982. The rate of natural 
increase in Ho Chi Minh City from 
1975 through 1982 was probably be
tween 2 and 3 percent per year. There
fore the government had to remove 
about 8 percent of the city's popula
tion each year to achieve the ultimate 
reduction. In China the lowest rate of 
population growth is found in the great 
cities of Beijing and Shanghai and the 
areas surrounding them. 

The virtually universal success of 
the Communist countries in control
ling the growth of their core regions 
stems partly from the monopoly of 
power held by the state. A success
ful Communist revolution leads to 
the eradication of institutions such as 
churches and labor unions that in non
Communist countries compete with 
government authority. The population 
of a Communist state is particularly 
vulnerable to state penetration. Party 
members, who are widely dispersed, 
are responsible for passing informa
tion to the higher councils of the gov
ernment. The existence of a spatial
ly dispersed cadre who can monitor 
and report the movement of individ
uals enables the government to con
trol overall population movement 
quite closely. 

In some Communist nations the au
thority of the party apparatus has been 
supplemented by the provision of pub
lic services outside the core region; in 
this respect the Communist countries 
resemble Sri Lanka. By combining 
public' services in the periphery with 
restrictions on movement toward the 
core, Communist states have created a 
policy that includes both rewards and 
stringent control. Perhaps the most 
disturbing example of the stringent 
control exerted by a powerful state is 
Kampuchea (then Cambodia). After 
the triumph of the Khmer Rouge in 
1975 both the national capital, Pnom
penh, and the provincial capitals were 
emptied by force. About three mil
lion people, or half of the nation's 
population, were dispersed to work 
in the countryside. It is estimated 
that from one to two million Kam
pucheans, or roughly 20 percent of 
the nation, died during the process of 
population dispersal. 

The existence of a stringent gov
ernment policy aimed at controlling 
movement to the core does not in itself 
guarantee demographic equilibrium. 
In this respect it is helpful to compare 
Vietnam and Kampuchea with Indo
nesia. In 1970 the governor of Jakarta 
declared the capital a "closed" city. In 
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STATE POLICY can reverse the growth of major cities, as is shown by data from Ho Chi 
Minh City (formerly Saigon). Beginning in the 1940's the population of Saigon increased 
rapidly, reaching some 4.5 million in 1975. After the city was occupied by the North Viet
namese army on April 30, 1975, the population was forcibly reduced. In the early 1980's 
Ho Chi Minh City had only about three million residents. Almost all other Third World cap
itals are growing rapidly and the emptying of Ho Chi Minh City is a remarkable reversal. 

the decade that followed, however, the 
rate of redistribution to the Jakarta 
region was the highest ever recorded. 
Rather than stemming the growth of 
the core, the policy of closing Jakarta 
merely diverted demographic growth 
to the adjoining districts (if it had any 
effect at all). In the 1970's the suburbs 
of Jakarta grew very quickly, mirror
ing the pattern around Mexico City, 
Seoul, Sao Paolo, Taipei, Bombay and 
Manila. Unlike the Communist gov
ernments with their disciplined cadres, 
non-Communist states generally lack 
a powerful local presence in the ter
ritory they administer. Hence the 
movement of population is largely be
yond control. 

What lessons can be learned from 
the current survey of population 

concentration in the Third World? The 
first general conclusion is that most of 
the great metropolitan regions of the 
developing countries continued to at
tract population during the 1970's at 
the same high rates that prevailed dur
ing the preceding two decades. The 
continuation of migration to the core 
regions suggests that the advantages 
of concentrating industry and popula
tion are still considerable. There are 
enough countries where the pace of 
concentration has slowed, however, 

for an observer to draw some con
clusions about the conditions under 
which the growth of the core can be 
restrained. 

Migration toward the core can be 
limited by economic depression, as in 
the case of Peru and Chile, or by strio
gent measures imposed by a powerful 
state, as in the case of Vietnam and 
Kampuchea. More interesting for poli
cymakers are those cases where the 
flow has been checked by improving 
the life of those who live in the periph
ery. In most instances such ameliora
tion takes place only after the country 
has attained a threshold of economic 
production. The case of Sri Lanka, 
however, shows that even a poor coun
try can improve the quality of life in 
the periphery. Sri Lanka's experience 
also indicates that such an improve
ment may entail a substantial sacrifice 
of economic growth. The fundamental 
lesson to be derived from the current 
survey is that population concentra
tion appears to be an almost inevitable 
concomitant of economic growth in 
the non-Communist world. Some of 
the adverse effects of rapid concentra
tion can be relieved by a government 
that pays attention to the vast stretches 
of country outside the brightly light
ed capital, but the choices are by no 
means easy or without cost. 
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The Earth's Hot Spots 

These plumes ofhot rock welling up from deep in the mantle are 

a key link in the plate-tectonic cycle. The marks they leave on 

passing plates include volcanoes, swells and midocean plateaus 

by Gregory E. Vink, W.Jason Morgan and Peter R. Vogt 

F
rom deep inside the earth's man
tle isolated, slender columns of 
hot rock rise slowly toward the 

surface, lifting the crust and forming 
volcanoes. The plumes well up all 
over the world, under continents and 
oceans, both in the center of the mo
bile plates that make up the earth's 
outer shell and at the midocean ridges 
where two plates spread apart. The 
marks they leave at the surface are su
perposed on the grand effects of plate 
motion. Volcanic eruptions and earth
quakes associated with plumes oc
cur far from plate boundaries, the site 
of most such activity; the upwelling 
currents also form broad anomalous 
swells in the ocean floor and in conti
nental terrain. These isolated areas of 
geologic activity are called hot spots. 

Mantle plumes are relatively sta
tionary, and so the crustal plates drift 
over them. Often the passage of a plate 
over a hot spot results in a trail of iden
tifiable surface features whose linear 
trend reveals the direction in which the 
plate is moving. If the plate is oceanic, 
the hot-spot track may be a continuous 
volcanic ridge or a chain of volcan
ic islands and seamounts rising high 
above the surrounding sea floor. The 
most prominent example is the Hawai
ian Islands; it was a visit there that led 
J. Tuzo Wilson of the University of 
Toronto to put forward the concept 
of hot spots in 196 3. 

Wilson noticed that to the west of 
Hawaii the islands disappear into at
olls and shoals, indicating they are 

progressively more eroded and there
fore older. The same observation had 
been made more than a century ear
lier by the American geologist James 
Dwight Dana, but Wilson was the first 
to interpret the age progression as evi
dence of continental drift. He pro
posed that the island chain had been 
formed by the westward motion of a 
crustal slab over "a jetstream of lava" 
now situated under Hawaii itself, at 
the eastern end of the chain. The pro
posal came at a time when textbooks, 
including one coauthored just three 
years earlier by Wilson himself, men
tioned continental drift only as an in
triguing idea advanced in the 1920's 
but later discredited. 

In the past two decades the idea 
has become generally accepted as part 
of the theory of plate tectonics. The 
earth's crust is now known to be em
bedded in the rigid plates of the litho
sphere, which is between 100 and 1 50 
kilometers thick under continents and 
about half as thick under oceans; the 
continual motion of the plates over the 
partially molten asthenosphere (the 
portion of the mantle extending to a 
depth of roughly 200 kilometers) ex
plains the development of ocean ba
sins and the formation of mountain 
ranges. A major task of contemporary 
geophysics is to understand how these 
surface processes are related to the 
slow convective "creep" of hot rock in 
the underlying mantle. Hot spots are 
an important part of this connection. 

Indeed, if the upwelling plumes were 

MOTION OF THE PACIFIC PLATE over three fixed mantle plumes has produced three 
parallel island chains: the Hawaiian Islands and Emperor Seamounts, the Tuamotu and 
Line islands, and the Austral, Gilbert and Marshall islands. The chains lie in the center of 
the plate, proving they were formed by a mechanism different from the one that produced 
the volcanic island arcs of the western Pacific, which are associated with the subduction of 
the plate at oceanic trenches. The plumes originate deep in the mantle, and their snrface 
tracks reveal the path of the plates. About 40 million years ago the Pacific plate switched to 
its present westward course from a more northerly heading; the change shows np as a bend 
in the hot-spot chains. Active volcanoes, such as Kilauea on Hawaii, are at the southeast
ern end of the chains. To the northwest the volcanoes are extinct and progressively older. 
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to stop, the plates would grind to a 
halt. Ultimately the energy that drives 
plate motion is the heat released by the 
decay of radioactive elements deep in 
the mantle. The plumes provide an 
efficient way of channeling the heat 
toward the surface. Their efficiency is 
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attributable to a property of mantle 
rock: its viscosity, or resistance to flow, 
is reduced dramatically by relatively 
small increases in temperature (say 
100 degrees Celsius) or in the con
tent of volatile elements such as wa
ter. Less viscous material produced 

. by variations in temperature or vola
tile content tends to collect and rise 
toward the surface through a few nar
row conduits, much as oil in an un
derground reservoir rises through a 
few boreholes. 

I
t would be misleading, however, 

to say that the plumes propel the 
plates. Rather, the two are different 
parts of the same convective cycle. As 
plates spread apart at a midocean 
ridge, molten rock from the astheno
sphere wells up at the spreading axis 
to form oceanic crust; the new litho
sphere cools as it moves away from 
the ridge and is eventually destroyed 
at oceanic trenches, where two plates 
collide and one of them sinks deep into 

the mantle. The deep mantle feeds the 
plumes. They in turn empty matter 
heated by radioactivity into the asthen
osphere, which in addition to serving 
as the source of new sea floor pro
vides a hot and fluid layer for the 
plates to glide across. The astheno
sphere is constantly being destroyed 
as it cools and attaches to the base of 
the lithosphere; the boundary between 
the two layers is essentially a thermal 
one. Were it not replenished by the 
plumes, the asthenosphere would soon 
vanish, and the motion of the plates 
would stop. 

It is worth erriphasizing that this 
"plume model" of the convective cir
culation in the mantle is just that: a 
model. The plumes have not been ob
served directly. The deep mantle can 
be explored only through the analysis 
of earthquake waves, and so far the 
resolution of seismic studies has not 
been good enough to detect plumes; 
the upwelling currents may be just a 
few hundred kilometers in diameter 

and only moderately different from 
their surroundings in temperature and 
density (the properties that determine 
the seismic-wave velocity in a region). 

The indirect evidence for deep-man
tle plumes, however, is substantial. 
Satellite measurements of the earth's 
gravity field have shown hot spots to 
be areas of anomalously high gravity 
and th us of excess mass; the excess 
mass can be attributed to broad bulges 
in the surface produced by the upwell
ing plumes. A second line of evidence 
comes from geochemical studies of 
basalts erupted at hot-spot volcanoes. 
Compared with the basalts dredged 
from mid ocean ridges, these rocks are 
enriched in volatile elements and in 
other elements such as potassium that 
are "incompatible" with the crystals of 
ordinary mantle rock. They also con
tain anomalous amounts of isotopes 
derived from radioactive decay proc
esses. The differences in composition 
suggest that hot-spot lavas are derived 
from rock welling up from below the 
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asthenosphere, which feeds the ocean
ic spreading centers. According to the 
plume model, as material from the 
deep mantle flows into the astheno
sphere, the part rich in volatiles and 
other incompatible elements melts, 
and some of it rises to the surface at 
hot-spot volcanoes. 

Recent advances in seismology en
courage the hope that someday work
ers will observe the plumes directly 
[see "Seismic Tomography," by Don 
L. Anderson and Adam M. Dziewon
ski; SCIENTIFIC AMERICAN, October, 
1984). In particular, a proposed new 
global network of seismometers may 
improve the resolution of seismic stud
ies to the point where it is possible to 
determine the size of plumes and the 
depth of their roots. 

T
he plumes are certainly not uni
form; differences in their isotope 

signatures imply that they come from 
various depths. Comparisons of the 
volume and frequency of eruptions at 
different hot spots indicate they also 
come in a range of sizes. Furthermore, 
individual plumes are not immutable. 
After examining the volume of rock 
extruded along the Hawaiian hot-spot 
track, one of us (Vogt) has suggested 
that the discharge rate of a plume may 
vary over time. Geochemical evidence 
supports the conclusion. Jean-Guy E. 

Schilling of the University of Rhode 
Island has proposed that plumes con
sist of rock rising in blobs rather than 
in a continuous flow. 

Sometimes a hot spot may fade 
away entirely, and new ones may be 
formed; from the tracks it appears the 
typical life span of a plume is on the 
order of 100 million years. Moreover, 
the position of a hot spot seems to 
change slightly. As a result the tracks 
on the surface are not all as neatly lin
ear as the Hawaiian chain. 

Compared with the plates, however, 
the mantle plumes are relatively sta
tionary. The first evidence of their fix
ity came in 1970. One of us ( Mor
gan) showed that three volcanic island 
groups in the Pacific-the Hawaiian 
Island-Emperor Seamount chain, 
the Tuamotu Archipelago-Line Is
land chain and the chain formed by 
the Austral, Gilbert and Marshall is
lands-are approximately parallel and 
could all have been formed by the 
same motion of the Pacific plate over 
three fixed hot spots. In each case the 
most recent volcanic activity has taken 
place near the southeastern end of the 
chain, and the islands and seamounts 
get progressively older to the north
west. The Pacific plate is current
ly moving toward the northwest; it 
switched to that course from a more 
northerly heading about 40 million 

years ago. The course change shows up 
as a bend in the hot-spot tracks. 

Because the motion of the hot spots 
is insignificant, they provide a world
wide reference frame for tracing the 
absolute motions of the plates with re
spect to the earth's interior. For some 
time workers have mapped the paths 
of the plates in relation to one another 
and have thereby been able to recon
struct the opening of ocean basins. The 
boundaries between plates-the ridges 
and trenches-also move, however, 
and so the relative motions do not re
veal where on the globe a plate was 
at a given time. Nor do they indicate 
whether two diverging plates have 
been moving at the same speed, or 
whether instead one plate has re
mained stationary. Such questions can 
be answered by converting the known 
relative motions into absolute motions 
in the hot-spot reference frame, in 
which each hot spot occupies an un
changing latitude and longitude. 

The relative motion of diverging 
plates-the sea-floor-spreading history 
-is determined by analyzing magnet
ic anomalies in the sea floor. Through
out geologic history, at regular inter
vals averaging about 100,000 years, 
the earth's magnetic field has reversed 
its polarity, for reasons that are poorly 
understood. A record of these rever
sals is preserved in the oceanic crust. 
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HOT-SPOT TRACKS reveal how the plates have moved with re
spect to the earth's interior dnring the opening of the Atlantic 
Ocean. Because the hot spots (large dots) are anchored deep in the 
mantle, they remain relatively fixed; that is, their latitnde and lon
gitnde remain unchanged. The tracks consist of extinct volcanoes, 
magma intrusions and swells in the crust formed by the upwelling 
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plumes and then carried away by the plates. Each small dot repre
sents 10 million years of plate motion. In reconstructing the plate 
motions one begins with one or two well-defined tracks, such as 
that of the Great Meteor hot spot (G), which also formed the New 
England Seamonnts and magma intrusions in the White Monntains. 
The tracks of other hot spots are then calcnlated from the recon-
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The magnetic minerals in lava erupt
ing from midocean ridges align them
selves with the prevailing field, and 
as the molten rock cools and solidi
fies, the field direction is permanently 
locked in the crust. 

The magnetized crust is transported 
away by the diverging plates in bands 
that roughly parallel the ridge axis. 
Each band has a characteristic mag
netic anomaly and is made up of crust 
formed at the same time, and so the 
bands are called magnetic isochrons. 
The age of various isochrons, and 
therefore the sea-floor-spreading rate, 
has been established through radio
metric dating of rocks retrieved in 
deep-sea drilling expeditions. By su
perposing corresponding isochrons 
from opposite sides of the spreading 
axis, one can reconstruct the relative 
position of the plates at the time the 
isochron pair was formed. (The super
position in effect removes from the 
map all sea floor created after the par
ticular magnetic reversal.) 

I
f the motion of one of the plates over 

the plumes is known, then their rel
ative motion allows the path of other 
plates in the hot-spot reference frame 
to be deduced. The general procedure 
is to begin with a well-defined hot-spot 
track on one plate-say a chain of sea
mounts-and then adjust the more am-

biguous tracks until the "best fit" is 
achieved: the absolute plate motions 
that best satisfy the constraints estab
lished by the hot-spot evidence and 
the relative motions. 

Using this procedure, we have re
constructed the opening of the Atlan
tic and Indian oceans. The reconstruc
tions can be tested: surface features 
along the hot-spot tracks must by their 
nature and age fit the hypothesis that 
they were formed by the passage of a 
plate over an upwelling plume. This 
should be true not only along the well
defined portions of the tracks but also 
in regions where the tracks have sim
ply been extrapolated from the calcu
lated plate motions and evidence of 
hot-spot activity has not previously 
been observed. 

Although the available data are 
fragmentary (particularly concerning 
the ages of sea-floor features), in gen
eral the reconstructions pass the test. A 
good example is the track of the hot 
spot that formed the Great Meteor 
Seamount south of the Azores [see il
lustration on these two pages]. Two hun
dred million years ago the area north
west of Hudson Bay on the Arctic Cir
cle was over the Great Meteor plume; 
50 million years later the hot spot was 
under Ontario. The exposure of the 
Canadian shield from Manitoba to 
Ontario can be attributed to uplifting 

of the crust by the plume: in an uplift
ed area sediment covering the base
ment rocks is more likely to be eroded 
away over time. 

One hundred million years ago the 
track had reached the young and nar
row Atlantic off Cape Cod. The pas
sage of New Hampshire over the hot 
spot is recorded by magma intrusions 
in the metamorphic rock of the White 
Mountains; the intrusions are between 
100 and 124 million years old. For the 
period from about 100 to 80 million 
years ago the track follows the trend of 
the New England Seamounts. Based 
on radiometric dating of rocks collect
ed from the seamounts, Robert A. 
Duncan of Oregon State University 
has shown that the volcanoes get pro
gressively younger toward the south
east along the chain. Their ages coin
cide with their passage over the hot 
spot. From the ages and the distances 
between the seamounts Duncan has 
calculated the velocity of the North 
American plate during that period: 
about 4.7 centimeters per year. 

Approximately 80 million years ago 
the Mid-Atlantic Ridge migrated west
ward over the plume. The track contin
ues on the African plate and ends at 
the Great Meteor Seamount. At pres
ent the hot spot should be about 500 
kilometers southwest of Great Meteor. 
Although there is a swell in that region 

structions, which must fit the relative plate motions derived from 
sea-floor-spreading history. When the mid ocean ridge separating 
two plates drifts over a plume, the track continues on the other plate 
bnt is interrupted (brokell lilies) by sea floor formed at the ridge 
after it passed over the hot spot. A plate motion is a rotation, and 
so the tracks approximate concentric circles rather than parallel 

straight lines. Along the Madeira (M) and St. Helena (H) tracks 
continents have later rifted apart; the plumes may promote rifting 
by thinning a passing plate. The Snake River plain, where the litho
sphere has been weakened by the track of the Yellowstone hot spot 
(Y), may be the site of a future rift. Not all hot spots are present in 
each reconstruction because new ones form and old ones fade away. 
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MID-ATLANTIC RIDGE is at present positioned over several hot spots; the flow from 
these plumes adds to the normal upwelling of magma at the ridge, producing thicker crust. 
In the computer-plotted topographical map brown regions are shallow and green regions 
are deep. Iceland is perched on the ridge axis and also has a large hot spot under its south
east coast; the plume has raised the crust above sea level by lifting and thickening it. The 
tapered structure of the ridge segment south of Iceland, called the Reykjanes Ridge, reflects 
the flow of plume material down the axis. Similar topography southwest of the Azores sug
gests material from that hot spot is also flowing along the ridge. The Iceland hot spot may 
have formed the plateau southeast of Iceland (including the Faeroe Islands) by feeding a 
now extinct spreading axis at the center of the plateau. William F. Haxby of Columbia Uni
versity's Lamont-Doherty Geological Observatory prepared the map from data compiled 
by Joseph E. Gilg and Roger Van Wyckhouse of the U.S. Naval Oceanographic Office. 
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of the sea floor, there is no sign of cur
rent volcanism; the plume may have 
become inactive. 

A
swell in the ocean floor, like an 
exposed continental shield, is an 

area of uplifted crust. Some time ago 
Robert S. Detrick and S. T. Crough, 
then at the University of Rhode Island, 
proposed that a plume produces uplift 
not by bending the lithosphere but by 
thinning it, replacing cold, dense litho
sphere with hot, buoyant rock from the 
asthenosphere. After passing over an 
active hot spot, both sea-floor and con
tinental swells presumably cool and 
gradually sink back to their former al
titude. Swells on the sea floor are inter
ruptions of the process in which the 
lithosphere cools, thickens and sinks as 
it moves away from a midocean ridge, 
eventually plunging into the astheno
sphere at a trench. 

The hot-spot anomalies, however, 
are by no means insignificant inter
ruptions. There are some 40 active 
hot spots, and the swells associated 
with them have an average diameter 
of about 1,200 kilometers. Thus swells 
cover roughly 10 percent of the earth's 
surface. This observation led Crough 
and Richard Heestand of Princeton 
University to suggest that the depth 
of the sea floor in a particular region 
is controlled not only by the progres
sive cooling of the lithosphere but also 
by the time elapsed since the region 
passed over a hot spot. 

In the same way hot spots could 
control the thickness of the continen
tal lithosphere. Moreover, the thinning 
and weakening of continental plates 
by mantle plumes may produce more 
dramatic effects than the exposure of 
basement rock: it may cause them to 
rift apart. In the early 1970's Kevin C. 
Burke of the State University of New 
York at Albany noticed that some hot 
spots are associated with three-arm rift 
systems, in which two of the arms have 
formed a plate boundary whereas the 
third has failed. The failed rifts form 
valleys extending into the continents; 
an example is the Niger River valley. 

The reconstructions of the Atlantic 
opening reveal a number of hot-spot 
tracks along which continents have 
subsequently broken up, probably mil
lions of years after the plates passed 
over the plumes. The track of the hot 
spot that formed the Madeira Islands, 
for example, runs between the west 
coast of Greenland and the east coast 
of Baffin Island and Labrador; the 
plume that created si. Helena can be 
traced along the south coast of West 
Africa and the north coast of Brazil. In 
the future a rift may develop in the 
Snake River plain, where the North 
American plate has been weakened by 
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the track of the hot spot now under 
Yellowstone National Park. 

M
antle plumes explain much of the 

geologic activity in the center of 
the plates. As the plates move over the 
hot spots, however, so do the plate 

boundaries, including the mid ocean 
ridges; unlike the hot spots, the ridges 
are not anchored deep in the mantle. 
What happens when a plume is under 
or near a spreading axis? 

A plume directly under a spread
ing center augments the flow of mol-

ten rock welling up from the astheno
sphere to form new crust. The crust 
over the hot spot is therefore thicker 
than it is along the rest of the ridge, and 
the result is a plateau rising above the 
surrounding sea floor. The most strik
ing example is Iceland, a hot-spot is-

HOT SPOT MAY FEED A RIDGE from a distance, thickening 
the crust and forming an oceanic plateau. Early in the opening of 
the ocean basin (top) the hot spot is under a thick continental plate 
moving to the northwest; material from the plume cannot yet reach 
the spreading center. Millions of years later (middle) the motion of 
the plates has brought the ridge closer and has carried continental 

shelf over the hot spot. Plume material has begun to flow along the 
lithosphere to the nearest section of the rise. As the excess material 
erupts it is carried away on the plates; the V shape of the resulting 
plateau reflects both the spreading of the plates away from the ridge 
and1heir motion with respect to the hot spot. A change in plate mo
tion (bottom) forms a bend in the hot-spot track and in the plateau. 
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land that straddles the Mid-Atlantic 
Ridge: there the upwelling is so intense 
and the crust so exceptionally thick 
that the plateau is above sea level. 
Geochemically the Icelandic crust is 
distinctly different from typical ocean
ic crust; it shows clear evidence of a 
hot-spot contribution. Gravity meas
urements indicate that the core of the 
plume is under the southeastern part of 
the island. The volcanic peaks there 
are visible signs of a powerful upwell
ing current: as much as 5, 500 feet high, 
they are covered by the Vatnajokull 
glacier. (In 19 1 8  an eruption under the 
glacier unleashed a flood of meltwater 
at a discharge rate 20 times that of the 
Amazon River.) 

Some of the material in the strong 
Iceland plume also seems to spread out 
under the lithosphere. The lithosphere 
slopes upward toward a spreading axis, 
and one of us (Vogt) has proposed that 
the axis north a'nd south of Iceland has 
acted as a pipeline, channeling par
tially molten rock away from the hot 
spot. In both directions along the ridge 
the excess plume material produces 
abnormally elevated topography out 
to a dist.ance of about 1, 500 kilome
ters. To the south of Iceland the broad 
plateau tapers to form the typical Mid
Atlantic Ridge. The tapered struc
ture probably arises from the fact that 
most of the volatile-rich, easily melt
ed plume rock is used up near Ice
land. Indeed, Schilling has found that 
the chemical composition of basalts 
dredged from the ridge becomes pro
gressively more like "normal" oceanic 
crust with increasing distance from 
Iceland, suggesting that the relative 
contribution of the hot spot gradual
ly declines. 

On the flanks of the ridge south of 
Iceland there are symmetrical pairs 
of secondary ridges. Each pair forms 
a southward-pointed V whose apex is 
on the spreading axis. These features 
could have been produced by "waves" 
of intensified flux or of unusually hot 

GREENLAND-FAEROE Plateau might 
have been formed by the Iceland hot spot. 
The parallel colored lines are magnetic iso
chrons used to reconstruct past positions of 
the plates. Fifty million years ago (top) the 
hot spot was under the coast of Greenland 
and began feeding the ridge. The V shape 
of the plateau reflects the hot-spot track. 
By 36 million years ago (middle) the plates 
had changed course; the change is reflected 
in the new section of the plateau. At about 
that time the spreading axis moved west 
over the hot spot, which by then was under 
oceanic lithosphere. Hot-spot-fed spread
ing has continued in the west until uow (bot
tom), forming Iceland. At au earlier time 
when it was close to a northern ridge the 
plume may have built the V8ring Plateau. 
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and buoyant material from the plume. 
A wave traveling down the ridge 
would generate anomalously thick 
crust, affecting the area nearest the hot 
spot first. The elevated crust would 
then be carried away on each side of 
the axis by the spreading plates, form
ing the V-shaped secondary ridges. 
From the known spreading rate and 
the angle between the secondary ridges 
and the spreading axis one can esti
mate the speed of the plume material; 
it seems to flow down the axis at a rate 
of five to 20 centimeters per year. 

B
ecause the midocean ridges move, a 

hot spot is unlikely to be situated 
under a spreading center for more than 
a geologically brief period. It is con
ceivable, however, that a plume might 
feed a spreading axis from a distance, 
provided it is close enough to the re
gion in which the base of the litho
sphere slopes up toward the axis. This 
concept helps to explain some unusual 
surface features in the Iceland area. 

The plateau that includes Iceland 
stretches from Greenland in the west 
to the Faeroe Islands in the east. The 
section of the plateau east of Iceland 
and east of the current spreading cen
ter has long puzzled geologists. Its lin
ear trend suggests a hot-spot origin. 
Yet it could not simply have been 
formed by the motion of a plate over a 
fixed plume, because it does not coin
cide with the track of the Iceland hot 
spot, which is known from the recon
structions of the early Atlantic. Some 
workers have interpreted this as a sign 
that the hot spot has not remained 
stationary but has instead wandered 
about, forming the plateau by occa
sionally punching through the plate. 
The argument implies that the recon
structions are inaccurate: if plumes are 
not fixed, they provide no absolute ref
erence frame for mapping plate mo
tions over the mantle. 

Our own hypothesis is that the Ice
land hot spot has remained stationary 
and that the Iceland-Faeroe plateau 
section was made by rock flowing east
ward from the hot spot to a now ex
tinct spreading center. The hypothesis 
can be tested. Presumably the plume 
would feed the closest point on the 
ridge. Thus at any time during the 
formation of the plateau a line repre
senting the shortest distance from the 
plume to. the ridge should intersect 
the center of the plateau. The plateau 
would be symmetrical about the ridge 
axis, but not necessarily perpendicular 
to it. With respect to the hot spot, the 
plates might have a component of mo
tion parallel to the axis, and the ori
entation of the plateau would be ob
tained by adding that component to 
the relative motion of the plates (per-

pendicular to the axis). Finally, the age 
of the plateau at any point would be 
the same as that of the surrounding sea 
floor, because the two were formed at 
the same time. None of these predic
tions would hold if the plateau were 
formed by a wandering hot spot that 
was not feeding a ridge. 

To test the model one of us (Vink) 
reconstructed the opening of the N or
wegian-Greenland Sea and the forma
tion of the plateau. The method is the 
same as that used for reconstructing 
the early Atlantic: superposing mag
netic isochrons reveals the relative po
sition of the plates at the time of a 
given magnetic anomaly, and the hot
spot track shows the plate motions in 
the hot-spot reference frame. 

During the early opening of the ba
sin, some 50 to 60 million years ago, 
the Iceland hot spot was under eastern 
Greenland. Its southerly track reflects 
the northward motion of the Green
land plate. The passage of the plate 
over the plume probably produced 
the extensive igneous rock formations 
southwest of Scoresby Sound, which 
from radiometric evidence are judged 
to be roughly 55 million years old. 
About 50 million years ago the Green
land continental shelf moved over the 
hot spot. At that time excess plume 
material could have begun flowing 
along the base of the oceanic litho
sphere to the spreading center, and the 
plateau would have started to form. 
The Faeroe Islands, now at the eastern 
end of the plateau, would have been 
created first; their basalts are between 
50 and 60 million years old. In the re
construction of the period the nascent 
plateau is roughly symmetrical about 
the spreading axis, and the V shape of 
its northern edge reflects the norther
ly motion of the plates with respect to 
the hot spot. 

By 36 million years ago the plates 
had switched to a more westerly 
course, causing the hot-spot track to 
bend to the east. The change is appar
ent in the geometry of the plateau: the 
V is split by a younger segment with 
an east-west heading, perpendicular' 
to the spreading axis. The plateau re
mains symmetrical about the axis, and 
a line from the hot-spot position inter
sects the axis at the center of the pla
teau. Both observations indicate the 
plume was continuing to channel mol
ten rock to the ridge. 

By that time the hot spot was under 
oceanic lithosphere, which is some
what thinner than continental litho
sphere. The plume would have thinned 
it further. Our model assumes that the 
ridge subsequently jumped to the area 
of weakened lithosphere, leaving an 
extinct spreading center on the eastern 
section of the plateau. Although the 

existence of such a relic is still being 
debated, geologic activity seems in
deed to have ceased in the east at about 
the time the spreading axis would have 
jumped to the west; rocks collected 
from a drill hole near the center of the 
eastern section are roughly 40 to 43 
million years old. 

Sea-floor spreading continued at the 
western end of the plateau. With the 
hot spot positioned under the spread
ing axis, plume material began to flow 
down the axis, giving the ridge its pres
ent tapered structure to the south. The 
westward-moving plates soon pushed 
the axis off the hot spot, but the plume 
continued to feed the ridge. The oldest 
outcrops on Iceland are found near the 
east and west coasts, as one would ex
pect on an island formed at a spreading 
axis; their ages suggest the island was 
born between J 6 and J 2 million years 
ago. Iceland remains geologically ac
tive. In the past few million years east
ward movements of the spreading axis 
have once again placed the ridge over 
the hot spot. 

The reconstructions show that a 
fixed Iceland hot spot could well have 
produced the observed geometry of 
the Greenland-Faeroe Plateau. It may 
also have formed the V0ring Plateau, 
even though the latter is now 500 kilo
meters to the north of Iceland. The hy
pothesis rests on the assumption that a 
plume will always feed the closest sec
tion of a spreading axis. Just before the 
formation of the Greenland-Faeroe 
Plateau, when the hot spot was still 
under Greenland, it may have been 
closest to a northern ridge segment. 
During that period it could have pro
duced the V0ring Plateau. The north
erly motion of the Greenland plate lat
er brought the southern spreading axis 
closer to the hot spot, and so the plume 
switched targets. 

Tike plate tectonics itself the notion of 
L hot spots is a simple but powerful 
concept. It explains many features of 
the earth's surface that once seemed 
disparate, and further research will un
doubtedly lead to the attribution of 
other effects to upwelling plumes in 
the mantle. At the same time the con
cept is appealingly intuitive. Indeed, it 
is only embellishing the truth a little to 
suggest the Hawaiians recognized the 
track of their hot spot centuries before 
it caught the attention of modern geol
ogists. According to Hawaiian legend, 
Pele, the fiery-eyed goddess of volca
noes, originally lived on Kauai, at the 
western end of the island chain. When 
the god of the sea evicted her, she fled 
to Oahu. Forced again to flee, she con
tinued to move east, to Maui, and final
ly to the island of Hawaii. She now 
seethes in the crater at Kilauea. 
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The Release of Acetylcholine 
The compound carries a nerve ilnpulse across a synapse. Recent studies 
of the electric fish Torpedo suggest that the source of the acetylcholine 
emitted by a neuron is the cytoplasm rather than the synaptic vesicles 

by Yves Dunant and Maurice Israel 

The nervous system is a modular 
structure. The modules are the 
neurons, or nerve cells, and with

in each neuron a signal carried by 
the nervous system passes from point 
to point virtually without alteration. 
When the signal passes from neuron to 
neuron, however, it must cross a gap. 
In most cases the transmission across 
the &ap is effected by the release of a 
chemical compound called a neuro
transmitter. When a nerve impulse ar
rives at a nerve terminal, it triggers the 
secretion of a neurotransmitter that 
can travel across the gap and stimulate 
the next cell, thereby carrying the 
impulse forward. One of the prima
ry neurotransmitters is acetylcholine. 
The understanding of the mechanism 
underlying its release is of major im
portance to the understanding of brain 
function and the action of drugs on the 
nervous system. . 

For many years there was a wide 
consensus among neuroscientists that 
acetylcholine is released from small, 
spherical organelles called synaptic 
vesicles, which are found inside the 
nerve terminal. It was thought that 
when the nerve terminal is stimulat
ed, the vesicles fuse with the terminal 
membrane and release their contents 
into the space between the neuron and 
the tissue with which it communicates. 

Our recent investigations contradict 
this simple picture. They suggest that 
although the vesicles do indeed store 
acetylcholine and play a role in its reg
ulation within the cell, the acetylcho
line released by the nerve terminal 
does not originate in the vesicles. In
stead the released acetylcholine is 
derived directly from the cytoplasm, 
which makes up the ground material 
inside the neuron. The releasing mech
anism appears to be operated by a 
compound, most likely a protein, that 
is embedded in the membrane of the 
nerve cell. The protein may act as a 
valve, enabling acetylcholine to pass 
through the membrane. 

58 

The general structure of the site of 
this event differs little from one animal 
to another or from one tissue to anoth
er in the same animal. Moreover, the 
transmission of a signal from a cholin
ergic nerve terminal, or in other words 
a nerve terminal that emits acetylcho
line as a neurotransmitter, does not 
seem to depend on the identity of the 
downstream cell. The downstream cell 
can be a muscle fiber, a secretory cell 
or another neuron. The terminals are 
found at the ends of long, spindly proc
esses of the cell called axons, and so 
the nerve terminals are sometimes 
called axon terminals. The axon termi
nal, the specialized region of the cell in 
its immediate neighborhood and the 
gap between the cells are collectively 
called the synapse; the gap itself IS 
called the synaptic cleft. 

The release of acetylcholine is ini
tially set in motion by an electrical 

impulse that travels along the axon to 
the nerve terminal. In a neuron at rest 
there is an electric potential difference 
of several tens of millivolts between 
the inside and the outside of the cell 
membrane. When the neuron is stimu
lated, there is a local change in the re
sistance of the membrane to the pas
sage of sodium and potassium ions. 
Sodium ions stream into the cell and 
potassium ions stream out. The ex
change of ions across the membrane 
causes the local potential difference of 
the mem brane to change in a charac
teristic way; in other words, an electric 
current flows across the membrane. 
The local change in potential in turn 
causes a drop in the resistance to the 
passage of sodium and potassium in it 
neighboring region of the membrane, 
downstream from the initial electric 
current. Thus the change in poten
tial propagates step by step as a wave 
called the action potential that moves 
along the axon. 

The local change in the potential dif
ference of the membrane also induces 

the entry of calcium ions into the neu
ron. When the action potential reaches 
the axon terminal, the calcium enter
ing the terminal triggers the release of 
acetylcholine from the terminal into 
the synaptic cleft. The acetylcholine 
diffuses across the synaptic cleft, and 
part of it becomes momentarily at
tached to receptors in the membrane 
of the downstream cell. There it causes 
another local change in electrical resis
tance. In muscle fibers and in some 
nerve cells the change is simply the 
first step in the generation of another 
action potential; in short, the muscle 
fiber contracts or the nerve signal con
tinues on its way. In other postsynaptic 
cells the response can be inhibitory. 
All the acetylcholine is then broken 
down into acetate and choline by the 
enzyme acetylcholinesterase found on 
the outer surfaces of cell membranes 
as well as in the synaptic cleft. 

If the neuron is to transmit more 
than one signal, the nerve terminal 
must renew its supply of acetylcholine. 
Acetylcholine is synthesized by the 
transfer of an acetyl group from the 
compound acetylcoenzyme A to a cho
line molecule. The chemical precur
sors of acetylcholine circulate through 
many tissues and readily find their way 
inside the axon terminals. Indeed, in 
the endplate, or neuromuscular junc
tion, and in certain other kinds of syn
apse both the acetate and the choline 
that result from the breakdown of ace
tylcholine outside the axon terminal 
are recycled back into the terminal. 
The enzyme that catalyzes the syn
thesis of acetylcholine is called cho
line acetyltransferase, and it is carried 
down the axon from the body of the 
neuron to the terminal, where it is 
stored in the cytoplasm. Thus all the 
ingredients needed for the synthesis 
are concentrated in the small space of 
the axon terminal. It is not surprising 
that the concentration of acetylcholine 
seems to be highest there as well. 

The idea that the vesicles could be 
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SYNAPSE in the electric organ of the fish Torpedo lIlarlllorata is mag
nified 106,000 times in the electron micrograph above; the diagram 
at the right ideI!tifies major components of the synapse. When the 
nerve-cell is stimnlated, acetylcholine is released by the nerve termi
nal and crosses the synaptic cleft to reach the cells of the electric 
organ, which are called electro plaques. The acetylcholine induces 
the rapid entry of sodium ions into the electro plaque, which gives 
rise to a sudden electric discharge; the discharge defends the fish and 
stuns its prey. The interior surface of the membrane of the nerve 
terminal is exposed by a freeze-fracture technique used to make 
the electron micrograph. It is rich in particles between five and 20 
nanometers across. The particles may indicate the presence of pro
teins in the membrane; the ratio of the number of smaller particles 
to the number of larger ones changes when acetylcholine is released. 
An oblique fracture of the nerve terminal reveals a number of larg
er organelles in the nerve cell called synaptic vesicles. The vesicles 
store acetylcholine, and it has long been thought that acetylcholine 
is released when the vesicles fuse with the cell membrane and re
lease their contents into the synaptic cleft. Work by the authors now 
suggests this view may have to be changed or abandoned. The elec
tron micrograph was made by Luis-Miguel Garcia-Segura, Lelio 
Orci and one of the authors (Dunant) at the University of Geneva. 
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VESICULAR HYPOTHESIS for the release of acetylcholine is 
shown in this schematic diagram. In the resting state of the nerve 
cell (1) about half of the acetylcholine in the nerve terminal is stored 
in the vesicles. According to the hypothesis, when the nerve is stim
ulated (2), calcium ions enter the terminal and cause the vesicles to 
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fuse with the cell membrane, releasing their contents into the synap
tic cleft. Some acetylcholine becomes attached briefly to receptors 
in the postsyna"ptic cell, where it induces a characteristic response; 
all released acetylcholine is then broken down into choline aud ace
tate by the enzyme acetylcholinesterase, found outside the terminal. 
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CYTOPLASMIC HYPOTHESIS has been proposed by the au
thors and their colleagues to account for the origin of the acetylcho
line released by a stimulated nerve cell. The acetylcholine is initial
ly divided between the vesicles and the cytoplasm, or ground mate
rial of the cell, as it is in the vesicular hypothesis (1). A nerve impulse 
causes calcium to enter the terminal (2). According to the new hy
pothesis, the calcium acts on specific proteins in the cell membrane 
that form channels for acetylcholine. A jet of acetylcholine is then 
emitted from the cytoplasm into the synaptic cleft and follows the 
same course as it does in the vesicular hypothesis. If the electrical 
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stimulation of the nerve is prolonged, the acetylcholine within the 
vesicles begins to leak into the cytoplasm; the vesicles can then se
quester the calcium that has entered the cytoplasm (3). The nerve 
terminal recovers its resting state when the calcium in the vesicles 
is expelled, perhaps by exocytosis (4). Acetate and choline reenter 
the terminal, where they are synthesized into new acetylcholine by 
the catalytic action of the enzyme choline acetyltransferase. New 
vesicles form, and the acetylcholine in the nerve terminal is dis
tributed in such a way that the balance between the vesicular ace
tylcholine and the acetylcholine in the cytoplasm is fully restored. 
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the immediate source of the acetyl
choline released at the synapses origi
nated in the 1950's. The introduction 
of the electron microscope then al
lowed the vesicles to be observed for 
the first time. Moreover, in 1952 Paul 
Fatt and Bernhard Katz of University 
College London discovered small vari
ations in the potential difference across 
the membrane of a muscle cell in its 
resting state. The variations are below 
the threshold needed to stimulate a 
contraction in the muscle fiber. They 
are almost certainly caused by the re
lease of small amounts of acetylcho
line from the motor-nerve terminals, 
which act on receptor proteins in the 
muscle membrane. The measured var
iations in the potential difference are 
called miniature end plate potentials. 

Katz and his colleagues proposed 
that each miniature end plate potential 
corresponds to the release of the ace
tylcholine packed into one synaptic 
vesicle. There were several good rea
sons for believing the vesicular hy
pothesis. First, the miniature endplate 
potentials all appeared to have rough
ly the same size and time curve, or 
change in potential difference record
ed as a function of time. 

Moreover, apart from their small 
size, the miniature end plate potentials 
have the same properties as the much 
larger end plate potential caused by the 
full-scale stimulus of a neuron. For ex
ample, the miniature potentials have 
the same time curve as the larger po
tentials, and they are detected in the 
same places on the muscle membrane. 
In fact, the full endplate potential is 
thought to be made up of an integral 
number of miniature potentials. In a 
large terminal that number may be as 
high as 400, and so according to the 
vesicular hypothesis as many as 400 
vesicles would contribute to the trans
mission of a single impulse to the mus
cle fiber. Finally, each miniature end
plate potential is caused by the nearly 
simultaneous action of a few thousand 
acetylcholine molecules, a quantity 
that could reasonably be sequestered 
in a single vesicle. 

In the mid-1970's this picture began 
to lose part of its attractive sim

plicity. Mahlon E. Kriebel and his col
leagues at the State University of New 
York at Syracuse Upstate Medical 
Center demonstrated that the previ
ously recognized miniature potential 
is probably built up of elements of 
even smaller size. These sl1bminiature 
end plate potentials are on the average 
about a tenth the size of the minia
ture potentials; they had not previous
ly been measured because they could 
not be resolved by earlier electrical re
cording techniques. It took some time 

for the new finding to be accepted be
cause it rais�d the difficult question of 
whether a vesicle is responsible for the 
release of one quantum of acetylcho
line or of an even smaller subunit. 

To address this question methods 
had to be devised whereby one could 
more directly analyze the level of ace-

a -.f"=---

tylcholine and its turnover inside the 
nerve terminal. Electrophysiological 
methods record only what happens in 
the postsynaptic membrane. The ac
tivity of the transmitting axon terminal 
is thus viewed indirectly: through the 
effects of the acetylcholine it releases. 

Between 1959 and 1964 Victor P. 

ELECTRIC ORGAN 

NERVE 

---
--- DORSAL SURFACE 

VENTRAL SURFACE 

NEUROANATOMY OF ELECTRIC FISH Torpedo marmorata is shown in three views. 
At the top the skin covering the dorsal surface of the right electric organ of the fish has 
been removed to expose the tops of the prisms that make up the organ. The nerves leading 
into the electric organ are shown in color. The prisms consist of the electroplaques, which 
are stacked from the ventral to the dorsal side of the fish; they are shown in the middle illus
tration as a vertical section through the line in color. At the bottom is a highly magnified 
schematic drawing of the synapses of an electro plaque. The electric potential inside the 
electroplaque is - 60 millivolts in its resting state, and there is a large resistance to the flow 
of electric current only on its ventral side. When acetylcholine is released by the nerve ter
minals, it suddenly lowers the electrical resistance on the ventral side of the electroplaque. 
A large current is generated by the rush of positively charged sodium ions into the cell. 

61 © 1985 SCIENTIFIC AMERICAN, INC



SYNAPTOSOMES, or isolated nerve terminals that release acetylcholine, are shown in a 
preparation made from the electric organ of the Torpedo (upper electron micrograph). The 
terminals are pinched off from the nerve axons and then resealed; the resulting synapto
somes retain the capacity to synthesize and release acetylcholine. Synaptosomes were first 
isolated in 1976 by one of the authors (Israel), Nicolas Morel, Robert Manaranche and 
Paule Mastour-Frachon at the Laboratoire de Nenrobiologie Cellulaire in Gif-sur-Yvette, 
France. The lower electron micrograph shows the synaptic vesicles, which were first isolated 
from the electric organ in 1968 by Israel, Jean Gautron and Bernard Lesbats, then at the 
Hopital de la Salpetriere in Paris. The magnification of each image is 18,000 diameters. 
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Whittaker of the University of Cam
bridge and Eduardo de Robertis of the 
University of Buenos Aires and their 
respective colleagues took the first 
steps toward the direct analysis of the 
terminals. They were able to show that 
when the brain tissue of rodents is 
homogenized, the axon terminals are 
pinched off and resealed. The pinched
off terminals can then be separated 
from the other fragments of the tissue 
by centrifugation in a ground material 
whose density increases with the dis
tance from the center of the centrifuge. 
The nerve terminals extracted from 
the centrifuge are recovered in a solu
tion having a characteristic density; 
they are called synaptosomes. An es
sential part of the neuron can there
by be manipulated and analyzed sepa
rately from the rest of the brain. 

Whittaker and de Robertis indepen
dently took a further step when they 
found that the outer membrane of 
the synaptosome could be broken and 
the vesicles inside it could be isolated. 
They found that the vesicles do indeed 
contain acetylcholine, as they had ex
pected. They also found, however, that 
not all the acetylcholine was seq ues
tered in the vesicles. Part of it was ap
parently derived from the cytoplasm. 
Roger M. Marchbanks of the Univer
sity of Cambridge then suggested that 
cytoplasmic acetylcholine also has an 
important functional role in neuro
transmission. 

To make further progress on the 
study of acetylcholine and its release, 
it was highly desirable to find a more 
convenient tissue than the rodent 
brain. Only a small proportion of the 
nerve terminals in the brain are cholin
ergic. In principle the junction between 
nerve and muscle cells in vertebrate 
animals would provide a more homo
geneous material because the' motor 
nerves are cholinergic. The nerve ter
minals at such junctions, however, 
are extremely small compared with the 
mass of the muscle fibers. 

I t turns out that for studies of the syn
aptic transmission of acetylcholine 

the saltwater electric fish Torpedo pro
vides an ideal experimental material. 
Torpedo is commonly found in shallow 
coastal waters. Each fish has a pair of 
specialized organs called electric or
gans that can generate short bursts of 
current that serve to defend the fish 
and to stun its prey. 

The electric organ is well suited to 
experiments with acetylcholine be
cause it is made up of a vast number of 
synapses. These synapses were found 
to be cholinergic in 1940 by Alfred 
Fessard, Wilhelm Feldberg and Da
vid Nachmansohn at the Marine Bio
logical Station in Arcachon, France. In 

© 1985 SCIENTIFIC AMERICAN, INC



INTACT SYN APTOSOME FREEZE AND TH AW ADD DETERGENT 

a b � j c::. C 
" t �\) I (]; rr= � 

CI) �.4{@ \ i'= � t ��; (]t i'= 
=:J Ui Ui 
...J Z Z 
=:J w .\J(� w ::;;; 

J� @/ 
f- f-

i= � � 
CI) f- f- f-
0 I I 

o tILl, I 
z ....... CJ CJ CJ :::; ' ��iD :::; 

J 0>\ 
:::; 

, ACETYLCHOLINE � � ACETATE \ 
TIME � TIME ----7 TIME --7 ACETYLCHOLINESTERASE CHOLINE 

d e 

t 'D " fa i ...... <:> t 
>- � t::::: , c::, ....... i'= �� �D p >-f- I� 

Q \ � 
f-

CI) Ui �� Ui 
=:J 

, 
z 

l J.r'� z 
...J W w 
=:J f- f-::;;; � � 
5i f- ) @/ � tiD � ) f-I I 

j CJ � CJ :::; 
�4I � c::. �D Cl\ :::; 

�" " � 
TIME� TIME --7 TIME ----7 

CHEMILUMINESCENT ASSAY makes it possible to monitor 
continuously the release of acetylcholine from synaptosomes in sus
pension (a). The synaptosomes are mixed with the enzymes acetyl
cholinesterase, choline oxidase and horseradish peroxidase and with 
the light-emitting substance luminol. Whenever the acetylcholine 
from the synaptosomes comes in contact with this mixture, it is con
verted into choline; the choline is then oxidized and a by-product 
of the reaction triggers the emission of light. If the synaptosome 
is frozen and then thawed, its outer membrane is destroyed, but the 

m em branes of the vesicles are left intact. The extravesicular acetyl
choline leaks out of the synaptosom e and gives rise to the emission 
of light (b). A detergent then destroys the vesicular membranes and 
releases the vesicular acetylcholine, which leads to a second emis
sion of light (c). If the experiment is repeated after the synap
tosomes are stimulated, acetylcholine is released, and it gives rise 
to a light emission (d). The cytoplasmic pool of acetylcholine (e) 
is then reduced by the amount of acetylcholine released during the 
stimulation. The vesicular acetylcholine remains unchanged (/). 

fact, the electric organ is actually a 
transformed neuromuscular system in 
which the mechanism for the transmis
sion of a nerve stimulus is much like 
the mechanism in an ordinary system. 
For example, miniature and subminia
ture endplate potentials are also re
corded in the electric organ. Never
theless, the experimental preparation 
made from the electric organ possess
es neither the complicated contractile 
structure of the muscle cell nor the 
complex neuronal circuitry and heter
ogeneous content of neurotransmitters 
found in the central nervous system. 

A typical Torpedo marmorata, which 
is the European species of the fish, is 
40 centimeters long and weighs about 
1,500 grams. The two electric organs 
are found in flat "wings" to the left and 
right of the main body, and they com
prise about a fifth of the body weight. 
Each organ is made up of some 400 
prisms whose axes run from the dor
sal to the ventral surface of the fish. 

The prism is a stack of thin flat cells 
called electroplaques, which generate 
the electric current. The electroplaque 
has a high electrical resistance on its 
ventral membrane and a low resis
tance on its dorsal membrane. The 

synapses are found only along the ven
tral side of the cell. We estimate there 
are more than 500 billion nerve termi
nals in each electric organ. 

Acetylcholine is emitted by all the 
terminals simultaneously, and it acts 
on receptor molecules of the electro
plaques by opening membrane chan .. 
nels only on the ventral side, or in oth
er words the high-resistance side, of 
the cell. The open channels allow posi
tively charged sodium ions to enter 
rapidly through each ventral mem
brane, and the movement of the sodi .. 
um ions constitutes an electric current. 
The effect is rather like the sudden dis
charge of a large set of small batteries 
wired in series. A substantial electric 
current is propagated into the sur
rounding seawater because the ions de·· 
rived from salts dissolved in the water 
are ind uced to move by the electric 
field. For a Torpedo of average size 
the current from both electric organs 
can be higher than seven amperes. 

V
esicles from the electric organ of 
Torpedo were first isolated in 1968 

by Jean Gautron, Bernard Lesbats and 
one of us (Israel) at the H6pital de la 
Salpetriere in Paris. Between 1976 and 

1977 Israel also collaborated with Ni
colas Morel, Robert Manaranche and 
Paule Mastour-Frachon at the Labo
ratoire de Neurobiologie Cellulaire in 
Gif-sur-Yvette, France, in the work 
that led to the isolation of synapto
somes from the electric organ. The 
methods for preparing synaptic vesi
cles resembled the ones that had been 
successful for brain tissue. Because of 
the homogeneity of the initial tissue, 
however, the vesicles obtained from 
the electric organ were 1,000 times 
richer in acetylcholine than the vesi
cles obtained from the brain. 

One of our first objectives was to 
compare the amount of acetylcholine 
in the vesicles with the amount of ace
tylcholine in the nerve terminal as a 
whole. If the nerve terminal is treated 
with an acid that inactivates enzymes, 
both the outer membrane of the nerve 
terminal and the inner membranes of 
the vesicles are broken up. The acetyl
cholinesterase outside the terminal is 
also destroyed by the treatment, but 
the acetylcholine is not. Hence all 
the acetylcholine inside the terminal 
is left behind by the treatment and 
can be measured. 

On the other hand, if the nerve ter-
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EXPERIMENTAL PROCEDURE whereby the variation of acetylcholine released by in
tact nerve terminals can be determined over short intervals of time is shown in this sche
matic diagram. Pieces of tissue from the electric organ of Torpedo are stimulated by short 
bursts of electrical impulses for varying intervals of time (stimulus pattel'1ls in color). The 
transmission of acetylcholine initiated by the stimuli is then abruptly stopped at various 
stages in the process when all the tissues are simultaneously plunged into a bath of very 
cold liquid (top). All the acetylcholine released by the nerve terminals is destroyed by the 
action of acetylcholinesterase outside the terminals. Each piece of frozen tissue is then split 
in two. In one part the total acetylcholine is measured; in the other part only the vesicular 
acetylcholine is measured. In both cases the measurements are similar to the ones that deter
mine the amount of acetylcholine in the various compartments of a synaptosome (see illus· 
tration on preceding page). The graphs in the middle show that the total acetylcholine in the 
nerve terminal falls during the stimulations, but the vesicular acetylcholine remains roughly 
constant. Hence the released acetylcholine must be derived from some extravesicular source, 
which is presumed to be the cytoplasm. The measured electrical response of the tissue to 
the stimulation is quite similar to the electrical activity in the living electric organs (bottom). 
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minal is quickly frozen and then 
rethawed, or if it is otherwise mechani
cally disrupted, only its outer mem
brane is opened. The action of ac'etyl
cholinesterase is not inhibited, and so 
the acetylcholine in the cytoplasm out
side the vesicles is broken down by 
the acetylcholinesterase. The vesicular 
acetylcholine, however, is left intact 
because it is protected by the mem
brane of the vesicle from the action of 
acetylcholinesterase. It can be meas
ured once it is liberated by an acid, 
which destroys the acetylcholinester
ase and the vesicular membranes. 

In 1968 we corroborated the find
ing that synaptic vesicles store a large 
amount of acetylcholine. We found 
that vesicles in the electric organ, like 
the vesicles in the brain, hold about 
half the acetylcholine content of the 
entire nerve terminal. Taken together, 
the two results appeared to give strong 
support to the vesicular hypothesis. It 
is also important to remember, how
ever, that the balance of the acetylcho
line is probably just floating freely in 
the cytoplasm of the terminal. The 
existence of cytoplasmic acetylcho
line is not surprising since choline ace
tyltransferase, the enzyme responsible 
for synthesizing acetylcholine, is also 
found in the cytoplasm. 

It seemed clear at this stage in our 
investigations that we could further 
strengthen the vesicular hypothesis. If 
the hypothesis is correct, the stimu
lation of a nerve terminal should re
lease vesicular acetylcholine before 
releasing acetylcholine from any other 
part of the cell. We could test this pre
diction in the concentrated mass of 
cholinergic nerve terminals present in 
the electric organ of Torpedo. 

In 1970 we began by stimulating the 
nerves that lead to the organ un

til the exhaustion of the electrical re
sponse. We were convinced at the time 
that this treatment would lead to a 
marked decrease in the number of ves
icles as well as in their content of ace
tylcholine. To our great surprise it 
turned out that the extravesicular ace
tylcholine was the first to be used up 
and then renewed during the stimula
tion. In contrast, the number of vesi
cles and the amount of acetylcholine 
in them remained constant for several 
minutes; only later did the vesicular 
acetylcholine begin to be depleted. 

To probe this finding in greater de
tail we and our colleagues have devel
oped several specialized experimental 
techniq ues. For example, to measure 
changes in the level of acetylcholine in 
various compartments of the synapto
somes over short time intervals one of 
us (Israel) and Lesbats developed a 
new chemical assay. A mixture of the 
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PARTICLES within the membrane of a nerve terminal in the elec
tric organ are shown before the nerve is stimulated (electron micro
graph at left) and three milliseconds after a stimulus is applied (elec
troll micrograph at right). The micrographs show that the density of 
the particles increases dramatically during the passage of a nerve 

impulse. A few milliseconds later the density returns to its resting 
state. The change may reflect the workings of the mechanism that 
releases acetylcholine. Micrographs were made by Dominique MiiI
ler, Garcia-Segura, Arpad Parducz and one of the authors (Dunant) 
at the University of Geneva. Magnification is 125,000 diameters. 

enzymes acetylcholinesterase. choline 
oxidase and horseradish peroxidase 
and the light emitter luminol is intro
duced into the solution surrounding 
the synaptosomes. When acetylcholine 
is released in the medium, a chain of 
chemical reactions gives rise to an 
emission of light proportional to the 
amount of acetylcholine present. We 
have applied the new assay in the study 
of acetylcholine released from Torpedo 
synaptosomes. 

Synaptosomes are difficult to stimu
late electrically, and so another set of 
experimental techniques was needed. 
For example, if certain peptide mole
cules called ionophores are added to 
the solution, the ionophores form ar
tificial channels in the synaptosome 
membrane that allow certain ions to 
pass through. One such ionophore 
opens the membrane to calcium ions, 
which then cause the release of ace
tylcholine. The released acetylcholine 
can be monitored by the chemilumi
nescent assay. 

Our findings with synaptosomes 
were in accord with the earlier experi
mental results with intact tissue: the 
cytoplasmic pool of acetylcholine was 
the first to be released. Indeed, even 
when the synaptosomes are emptied of 
most of their vesicles and then refilled 
with commercially prepared acetyl
choline, the calcium stimulus causes 
the acetylcholine to be released. The 
pool of vesicular acetylcholine is ap
parently not needed for the release. 

In order to make fast biochemical 
measurements of intact tissues during 
the release of acetylcholine, we con
structed a machine at the University 
of Geneva that can stimulate several 
isolated prisms of the electric organ in 
rapid sequence [see illustration on op-

posite page]. The prisms thereby reach 
different stages in the release of ace
tylcholine at the same time, and the 
release is abruptly halted when the 
prisms are plunged into a cold liquid. 

In one series of experiments the 
stimulus was a short burst of impulses 
given every 10 milliseconds over a 
period of 200 milliseconds. We chose 
the stimulus pattern because. it resem
bles the natural discharge of a Torpedo 
when it is alive in the sea. Again-this 
time with a little less surprise-we 
found that the acetylcholine in the 
synaptic vesicles does not appear to 
change with the stimulus. 

Moreover, we found that the level of 
extravesicular acetylcholine fell dur
ing the first 100 milliseconds, rose d ur
ing the next 100 milliseconds and then 
fell again. The re-formation of acetyl
choline in intact nerve terminals is 
evidently an extremely rapid process. 
The level of acetylcholine finally drops 
presumably because the terminals can 
no longer synthesize enough acetyl
choline to replace the large quantity 
that has been released. 

I t seems difficult to believe acetylcho
line can cross the membrane of the 

transmitting neuron at any high rate 
without causing some transient but vis
ible structural change. If the synaptic 
vesicles are immediately involved in 
the process of acetylcholine release, 
one would expect to see openings in 
the membrane wherever fusion takes 
place. Such openings would also be ex
pected during every release of acetyl
choline from the neuron. 

Several electron micrographs have 
now been obtained that show the fu
sion of a vesicle with the membrane of 
the nerve terminal at a neuromuscular 

synapse. The vesicles; however, were 
not found under all conditions in 
which acetylcholine was released. We 
also have obtained a few electron mi
crographs that show the exocytosis of 
vesicles in the nerve terminals of the 
electric organ. The fusion of the vesi
cles in our experiments, however, does 
not always accompany the release of 
acetylcholine, and when it does, it 
seems to take place a short time after 
the release. 

Since the fusion of the vesicles is not 
reliably ·associated with the release of 
acetylcholine, we have become keenly 
interested in another structural change 
in the membrane of a nerve terminal. 
The change is always simultaneous 
with the liberation of acetylcholine. 
When the membrane is rapidly frozen, 
it can be split open to expose its inner 
or its outer leaflet. At high magnifi
cation one can see particles on the in
ternal surfaces of the leaflets, rang
ing in size from five to 20 nanome
ters across. 

Whenever acetylcholine is released 
from synaptosomes, we found that 
the number of particles between five 
and 1 1  nanometers across decreased, 
whereas the number of particles be
tween eight and 20 nanometers across 
increased. In the intact prisms we 
could not detect any change in the 
number of the smaller intramembrane 
particles, but there was a significant in
crease in the number of the larger 
ones. The timing of their appearance 
was precisely correlated with the time 
course of the release as recorded by 
the electrical response. 

Taken together, the observations 
suggest that the mechanism respon
sible for releasing acetylcholine is 
somehow present in the membrane of 
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the transmitting nerve terminal. The 
mechanism is probably a change in the 
configuration of proteins lodged in the 
membrane, and it may be that the ef
fects of the change become manifest as 
a transient increase in the number of 
large intramembrane particles. 

I f this view is correct, it should be 
possible to extract the protein from 

the native terminal membranes and 
then insert it into artificial membranes. 
The artificial membranes should there
by gain the ability to release acetylcho
line when they are exposed to the trig
gering action of calcium ions. 

We have recently attempted such an 
experiment in one of our laboratories, 
and the results, although preliminary, 
appear to be successful. Synaptosomes 
from the Torpedo are opened, and the 
synaptic vesicles and all other cyto
plasmic constituents are cleaned out of 
the membranes. The membranes are 
freeze-dried and their components are 
incorporated into artificial membranes 
made from commercial lecithin. 

The artificial membranes form 
small closed sacs when they are treat
ed with ultrasonic waves; the artificial 
membrane resembles the membranes 
of the original Torpedo synaptosomes, 
but the sacs formed from the artificial 
membranes do not hold any internal 
organelles such as synaptic vesicles. 
When the sacs are filled with acetyl
choline and calcium is introduced, the 
acetylcholine is released into the ex
ternal solution. The large intramem
brane particles are observed in the ar
tificial membrane during the artificial
ly stimulated release of acetylcholine. 

If the mechanism that releases ace
tylcholine is found in the membrane of 
the nerve terminal and emits cytoplas
mic acetylcholine, what is the role of 
the vesicles? One function is to store 
acetylcholine in reserve, which could 
be called on after much nervous activ
ity in order to compensate for losses 
in the cytoplasmic pool. 

The synaptic vesicles have another 
important property that has been dem-

PROTEINS of high molecular weight have 
recently been isolated from the membranes 
of nerve terminals in the electric organ and 
incorporated into the small sacs called Iipo
somes, as shown in this schematic diagram. 
The liposomes are formed when artificial 
membranes made from commercial lecithin 
are treated with ultrasonic waves. The Iipo
somes are filled with acetylcholine, and an 
influx of calcium into the Iiposomes causes 
acetylcholine to be released from them, just 
as it is from an ordinary nerve terminal. The 
experimental result indicates that the mech
anism for releasing acetylcholine is bound 
up in the membrane of the nerve �erminal. 

onstrated in one of our laboratories. 
They can accumulate calcium and 
thereby help to terminate the release 
of acetylcholine. After the prolonged 
stimulation of the nerve, acetylcholine 
begins to leak from the vesicles, and 
the vesicles then fill up with calcium. 
One can imagine that in order to re
move the calcium from the cell the 
vesicles fuse every now and then with 
the synaptic membrane and expel their 
contents by exocytosis. Such a chain of 
events has so far been only partially 
demonstrated, but it is probably safe to 
say the vesicles are essential for regu
lating the levels of acetylcholine and 
calcium at the center of the synapse. 

There is a final question that such 
a releasing mechanism might re

solve: How can the miniature end plate 
potentials and their subunits be ex
plained? Imagine the protein in the 
membrane is a polymer, or in other 
words a molecule made up of elements 
that can be assembled or broken down. 
When the neuron is at rest, the ele
ments are dissociated in the mem
brane, and in this state they are too 
small to be seen as particles in electron 
micrographs. When calcium enters the 
terminal, however, it leads to the for
mation of a polymer that can tran
siently appear as a large, intramem
brane particle. 

The process could be associated 
with the release of a package of acetyl
choline molecules from the cytoplas
mic pool. The releasing particle would 
act as a channel that is specific for ace
tylcholine. It would open for a short 
time, liberating a given amount of ace
tylcholine. For example, the packet 
might consist of the few hundred mol
ecules that are thought to generate the 
subunit of a miniature endplate poten
tial. The synchronized formation of a 
certain number of releasing polymers 
in a given region of the synapse would 
then be res'ponsible for one miniature 
potential, and the same synchronized 
process in all the terminal branches of 
the incoming nerve fibers could give 
rise to a full nerve impulse. 

Other models can be imagined, of 
course. The issue can probably be set
tled only if properties of the releasing 
mechanism are compared in two con
ditions. First, the mechanism must be 
separated and studied in vitro, where it 
can be manipulated and made to oper
ate in artificial membranes. Second, it 
must be studied in the membrane of 
an intact transmitting neuron, where it 
can work in the most natural manner. 
What is exciting is that it is now with
in our grasp to learn more about the 
events taking place in the membranes 
of nerve terminals during the' brief 
times they are activated. 
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GM�I�fliesliowda Xh�l!htb�n 
a three-piece suit:' o or ren They said, lilt delivers 

C f th � 
a combination of talents or 0 e ,eOr!hat exists nowhereelse 
In the marketplace:' A. d 

And then they awarded it Motor Trend 
J-\. WO � Magazine's 1985 Car of the Year Award. 

• They painstakingly studied acceleration, 
performance, chassis dynamics, quality control, handling, 
dollar value, fuel economy, comfort, convenience 
and more. 

The Volkswagen GTI had to beat out some tough compe
tition to win. And it came through with the highest marks. 

Of course, the best way to experience the thrill of a GTI 
isn't by reading about it. It's by taking one out for a test flight. @ It's not a car. 

The New GTI. $8,990* � It's a Volkswagen . 
• Mfr's sugg. retail pricing, excluding tax, title, dealer prep and transportation. 

The GTI is covered by the new �olkswogen 2-yeor Unlimited-mileage Protection Pion: 2-yeor unlimited-mileage, limited warranty on entire caf, except tires; 3-yeor unlimited-mileage, limited 
warranty on corrosion perforation. See U.S. dealer for detoils.Q1985 Volkswagen of America ISeatbelts save Ilves.1 For details, call 1-800-85-VOLKS. 
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Communication Arts Award of Excellence 

For over 30 years Nikon cameras have 
helped photographers win awards for their 
pictures. 

In fact, Nikon cameras have taken more 
Pulitzer Prize winning photographs than any 
other 35mm camera. 

But our cameras win awards too. 
Now, the Nikon FA has been selected 

winner of Annual "Camera Grand Prix" 
award. Given by a panel of judges consisting of 
outstanding professional photographers, equip
ment experts and editors, the FA received this 
honor primarily for its innovative Automatic 
Multi -Pattern metering system. 

AMP metering virtually ensures 
optimum exposure even under difficult lighting 

For more information write to Nikon Inc., Dept. 55, 623 Stewart Ave., Garden City, N.Y.1l530 © Nikon Inc., 1985 
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ASMP Lifetime Achievement 
in Photography Award 

conditions. Of course this isn't the only outstand
ing feature you'll find on the FA. It also has five 
modes of operation, through-the-Iens flash 
metering with a Nikon Speedlight, a peak flash
sync of 1I25Oth of a second, and a top shutter 
speed of 11 4000th of a second. 

And when you buy a Nikon you're eligible 
to become a member of the Nikon U.S.A. Club 

National Press Photographers 
AssociationiUniv. of MO. 
Magazine Photographer 
of the Year Award 

simply by for the Nikon Inc. 
U.S.A. warranty. 

So visit your nearest Nikon Dealer 
and see the FA for yourself. After all, you're 
the judge whose opinion matters most. 

Nikon. 
\\e take the \\OrIds greatest pictures� 
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SCIENCE AND THE CITIZEN 
AIDS Update 

The AIDS epidemic continues-at 
an increasing pace. Four years 
after the first cases were report

ed there is still no cure. There have 
been some interesting developments, 
however. 

Isolation by Robert C. Gallo and his 
colleagues at the National Cancer In
stitute of HTLV-III, a virus that ap
peared to be the agent of AIDS, was 
announced last April. A year earli
er, workers in the laboratory of Luc 
Montagnier at the Pasteur Institute in 
France identified a virus they called 
LA V and suggested it might cause AIDS. 
Soon after HTLV-III was reported Jay 
A. Levy and his colleagues at the Uni
versity of California at San Francisco 
School of Medicine described an AIDS 
virus they called ARV. All three isolates 
are retroviruses: viruses whose genetic 
material is not the usual DNA but the 
related nucleic acid RNA, which is 
"reverse-transcribed" into DNA in the 
infected host by a viral enzyme, re
verse transcriptase. 

Now the full nucleotide sequences 
of the three viruses have been pub
lished. As expected, HTLV-III, LAV and 
ARV are variants of a single highly het
erogeneous virus. The largest differ
ences among the variants are in the se
q uences coding for proteins making up 
the outer envelope. Variability of the 
envelope proteins may complicate the 
development of a vaccine. 

Now that the agent is known to be a 
retrovirus the effort in many laborato
ries is to test drugs that interfere with 
reverse transcription of the RNA. Pas
teur Institute workers have reported 
some success in AIDS patients with a 
drug designated HPA-23, which inhib
its reverse-transcriptase activity. At 
the National Institute of Allergy and 
Infectious Diseases a different drug, 
suramine, has been shown to inhibit 
reverse transcriptase in cultured cells 
infected with HTLV-IJ1 and is now un
dergoing a preliminary clinical trial. 

Meanwhile the epidemic waxes. By 
late February some 8,500 AIDS cases 
had been reported to the Centers for 
Disease Control; 4, 100 victims, or 48 
percent, had died. The rate of trans
mission is increasing: 1,485 cases were 
reported in the last half of 1983, 2,254 
in the last half of 1984. Homosexual 
and bisexual men account for 73 per
cent of the cases among adults and ad
olescents. Other groups are also at 
special risk: users of intravenously ad
ministered drugs ( 17 percent), Haitian 
immigrants (3 percent) and heterosex-
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ual contacts of homosexual men or of 
female drug users, recipients of multi
ple blood transfusions and hemophili
acs treated with pooled-blood prod
ucts (about 1 percent each). Among 
children less than 13 years old 97 cases 
have been diagnosed; most of them are 
babies born to women who have AIDS, 
but some are hemophiliacs or recipi
ents of blood transfusions. 

A screening technique should soon 
be available to keep the AIDS virus 
out of the blood supply: an ELISA (en
zyme-linked immunosorbent assay) 
with which to test donated blood for 
the presence of antibodies to HTLV-III. 
Five groups now have ELISA kits ready 
to sell. The kits were expected to be 
licensed by the Food and Drug Ad
ministration for distribution to blood 
banks by February 15, but licensing 
was delayed. 

One problem has been a controversy 
over the implications of a positive test 
result. A finding that antibodies to 
HTLV-III are present in a donor's blood 
indicates only that he or she has been 
exposed to the virus, which may or 
may not be present at the time of the 
test. The donor could have beaten off 
the disease, could be an asymptomatic 
carrier or could eventually develop the 
symptoms. Clearly the blood should 
not be distributed, but what should the 
donor be told? The FDA is expected to 
recommend that when the ELISA is pos
itive, the donor should be told of the 
result only after the test has been re
peated; he or she should then be re
ferred to a physician for confirmation 
using a different test and for counsel
ing about the implications of the test 
result. 

A surprising discovery has emerged 
from research on AIDS. HPA-23, the 
antiretrovirus agent being tested at the 
Pasteur Institute, seems to have some 
effect on the activity of prions, the 
cause of Creutzfeld-Jakob disease, a 
rare, fatal neurological disorder in hu
mans. Prions appear to consist only of 
protein; they seem to lack genetic ma
terial of any kind. 

When Is a Planet? 

I t "is an object that is lIot a star, which 
is in orbit around an object that is a 

star. What should we call it? From the 
existing astronomical nomenclature, 
'planet' is the obvious choice. " What 
Donald W. McCarthy, Jr. , of the Uni
versity of Arizona means is that he and 
his colleagues may have made the first 
direct observation of another solar 
system. 

Specifically, McCarthy, Frank J. 
Low, also of Arizona, and Ronald G. 
Probst of the National Optical As
tronomy Observatories have observed 
a brown dwarf. A brown dwarf is 
thought to form as a star forms, out 
of collapsing interstellar gas and dust. 
Unlike a star, however, a brown dwarf 
does not have enough mass to sustain 
thermonuclear reactions. The radia
tion it emits, which is primarily in the 
infrared, comes chiefly from the en
ergy of its collapse. The existence 
of brown dwarfs was postulated on 
theoretical grounds in 1975 by Jill 
Tarter of the National Aeronautics 
and Space Administration's Ames 
Research Center. This is the first gen
erally recognized sighting of one. 

The brown dwarf observed by 
McCarthy and his associates orbits 
around the faint star Van Biesbroeck 8 
at a distance of about 6.5 astronom
ical units. (One astronomical unit, ap
proximately 93 million miles, is the 
mean distance from the sun to the 
earth.) Van Biesbroeck 8 and its dwarf 
companion lie roughly 2 1  light-years 
from the earth. The investigators have 
named the brown dwarf Van Bies
broeck 8B, or VB 8B. 

McCarthy's group found VB 8B 
while they were examining faint "as
trometric binaries, " stars whose mo
tion against distant "fixed" stars shows 
periodic irregularities. Because of 
their perturbed motion such stars are 
presumed to be under the gravitational 
influence of companions. The investi
gators were able to distinguish the in
frared light of VB 8B from the much 
brighter emission of Van Biesbroeck 
8 by a method known as "speckle in
terferometry. " In speckle interferom
etry the astronomer combines a col
lection of extremely short exposures 
in a way that averages out distortion 
caused by random turbulence in the 
earth's atmosphere. 

Some astronomers are hesitant to 
call VB 8B a planet because it closely 
resembles a star in composition and 
history. McCarthy replies that VB 8B 
also has much in common with the 
planet Jupiter. The two objects have 
about the same radius, although VB 
8B has between 10 and 70 times Jupi
ter's·mass. Jupiter does fit some of the 
early definitions of "brown dwarf, " he 
points out. Furthermore, if VB 8B oc
cupied Jupiter's place in the solar sys
tem, it would appear to have the same 
brightness in visual wavelengths and 
would have been classified as a planet. 

The detection of VB 8B is one of 
several recent discoveries that may in-
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dicate the existence of other solar sys-· 
terns. In 1983 the Infrared Astronomi
cal Satellite (JRAS) detected large gas 
clouds surrounding four other stars. 
Last fall Richard J. Terrile of the Jet 
Propulsion Laboratory and Bradford 
A. Smith of the University of Ari
zona photographed a flattened disk 
of matter surrounding one of those 
stars, Beta Pictoris, which lies approxi
mately 50 light-years from the earth. 
From the configuration of the disk it 
seems that Beta Pictoris may already 
have entered the early stages of plan
et formation. 

Red Shift 

Why does the scarlet gilia change 
color? The plant is known for its 

bright red flowers, but specimens that 
have produced red blossoms early in 
the season sometimes grow pink or 
white ones later on. At high altitudes 
those that first bloom late in the sea
son tend to prod uce pale flowers. 

Ken N. Paige and Thomas G. Whit
ham of Northern Arizona University 
repoI:t in Science that the shift in flower 
color may be an adaptive response to 
a change in the population of polli
nators. Paige and Whitham studied 
plants whose chief pollinators are the 
broad-tailed and rufous humming
birds and the white-lined sphinx, a spe
cies of hawkmoth. Early in the flower
ing season, which lasts from July until 
early September, hummingbirds and 
hawkmoths are present in nearly equal 

numbers. In mid-August the hum
mingbirds begin to migrate, and by the 
end of the month there are few left. 

The investigators hypothesized that 
hummingbirds, which forage in the 
daytime, would be more attracted 
to red flowers and that hawkmoths, 
which forage after sunset, would be 
drawn to whiter flowers. Paige and 
Whitham tested their hypothesis by 
placing nylon covers over 30 plants (of 
various shades) at night, so that hawk
moths could not visit them; these 
plants could be pollinated only by 
hummingbirds. As expected, the hum
mingbirds preferred to visit red plants: 
the red plants that had been covered at 
night set more fruit (a sign of pollina
tion) than did whiter plants that had 
also been covered. The investigators 
placed covers over a different set of 
plants during the day to exclude hum
mingbirds and test the preference of 
hawkmoths. Of the plants covered in 
daylight, the lighter ones set more 
fruit than the red ones: hawkmoths 
prefer flowers that are lighter in color. 

It appears that in late summer, when 
most of the hummingbirds have gone, 
a plant attracts more pollinators if it 
prod uces whiter flowers: individ ual 
plants that had changed from darker 
to lighter colors set more fruit than 
plants that had not changed. In late 
August, when all the hummingbirds 
had migrated, the investigators ap
plied white paint to flowers from 105 
red plants; as a control, the flowers of 
1 15 red plants were painted red. Flow-

Hummingbird visits red flowers in early summer (left); a hawkmoth visits white OI1�S later 
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ers that had been painted white set 38 
percent more fruit. 

Eocene Greenhouse 

Between 50 and 55 million years 
ago during the early Eocene epoch 

temperate forests flourished at the lat
itude of Greenland; the earth as a 
whole was some five degrees Celsius 
warmer than it is today. The cause, say 
Robert M. Owen and David K. Rea of 
the University of Michigan, may have 
been a greenhouse effect, the result of 
carbon dioxide released into the at
mosphere by a chain of tectonic and 
biological events in the ocean basins. 

Writing in Science, the authors argue 
that much of the carbon dioxide re
leased by the oceans is an indirect re
sult of hydrothermal activity along the 
mid ocean ridges, where new oceanic 
crust is generated. There seawater pen
etrates the cracks and fissures of the 
newly formed crust, meets hot basalt 
and reemerges, forming hot springs on 
the ocean floor. In the process the 
ocean's content of metals, among them 
calcium, is enriched. 

Dissolved calcium is ultimately re
moved from seawater by the activity 
of marine organisms, which incorpo
rate it into their shells and skeletons in 
the form of calcium carbonate. The 
process consumes bicarbonate ions, 
also in solution in seawater; for ev
ery molecule of calcium carbonate 
formed in the reaction a molecule of 
carbon dioxide is freed. The rate of the 
reaction would increase, Owen and 
Rea say, in response to a rise in the 
concentration of marine calcium. 

Converging evidence suggests the 
early Eocene witnessed a pulse of hy
drothermal activity that sharply in
creased the oceans' content of calci
um. Hydrothermal springs also carry 
quantities of iron and blanket the sur
rounding sea floor with iron-rich sedi
ments. Consequently the vertical dis
tribution of such sediments in core 
samples extracted from the ocean floor 
provides a record of past hydrother
mal activity. The sediments are par
ticularly abundant in samples dating 
from the early Eocene. More recent 
cores have shown that on a local scale 
hydrothermal activity climaxes during 
episodes of tectonic rearrangement, 
when a mid ocean ridge or transform 
fault shifts. A worldwide realignment 
of tectonic boundaries is known to 
have taken place in the early Eocene. 

The sedimentary record confirms 
that the level of marine calcium in
creased at the time of the Eocene hy
drothermal pulse. In deposits of ma
rine fossils that are about 50 million 
years old the ratio of strontium to cal
cium, constant through much of geo-
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par··f��·.mans 
• Something accomplished, as in nine 
straight years of earnings growth, 
with solid performances in aero
space, electronics, automotive and 
general industries. 
• A coordinated action, the work 

T he ultimate test of performance is the 
bottom line. Ours shows 11 dividend increases 
in the last 13 years. Nine straight years of earnings 
growth. And a record average return on stockholders' 

of 17,000 engineers and 
scientists, 106,000 employees 
worldwide. 
• The fulfillment of a claim or promise; 
e.g., delivering products of high tech
nological quality . 
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in America on Return on Equity. 
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Rockwell International 

about us, write: Rockwell International, Department 
815S-64, 600 Grant Street, Pittsburgh, PA 15219. . .. where science gets down to business 
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lOuch a button on the instrument panel. 
A tinted-glass Moonroof opens wide to 
sky and clouds overhead. Still, there's more 
to opening up the Honda Prelude. 

Try the accelerator. Put your foot down 
and feel the power of a dual-carbureted 
1.8-liter engine. Road & Track (May 1984) 

III Cll985 American Honda Motor Co .. Inc. 

clocked the Prelude from zero to sixty in 
9.7 swift seconds. . 

The Prelude even looks fast standing 
still. It has a sleek wedge shape. Arid under
neath, a double wishbone front suspension 
helps to handle curves with precision. 

Inside, you will find a neatly designed 

• 

1" 

© 1985 SCIENTIFIC AMERICAN, INC



cockpit. Important controls are within easy Th' TL 1 d PP.I���r.. 
reach of your fingertips. So is a sophisticated . e r 1 e U e WiiI':"r.a.IIs.:..� 
stereo system. 

Now, settle into the Honda Prelude's 
contoured bucket seat. And you're ready for 
serious driving. Or star sighting through the 
Moonroof Just open wide and say ahhh. 

© 1985 SCIENTIFIC AMERICAN, INC



logic time, drops sharply, probably re
flecting an abnormal abundance of 
calcium in seawater. Bountiful marine 
calcium is also suggested by the very 
thickness of the deposits, which accu
mulated at about twice the current rate. 

Owen and Rea believe a large in
crease in atmospheric carbon dioxide 
accompanied these marine conditions. 
As the carbon dioxide trapped infra
red radiation the greenhouse effect 
warmed the earth's climate. The same 
sequence of events may well have oc
curred at other points in geologic his
tory, the authors think. They also 
suggest the Eocene greenhouse may 
foreshadow the climate of a century 
from now, when the carbon dioxide re
leased by human activity will perhaps 
have led to a comparable warming. 

Getting Pickled 

For some 30 years it has been known 
that the brains of chronic alcohol

ics tend to shrink; this change is ac
companied by deficits in mental and 
physical performance. In recent years 
computerized axial tomography (the 
CAT scan) has also revealed shrinkage 
in people who drink moderately. A 
study of the effect over a period of sev
eral years by Lesley A. Cala of the 
Queen Elizabeth II Medical Centre in 
Australia and several associates shows 
the effects are at least partially revers
ible if the drinker abstains from alco
hol for several months. 

Cala's group first studied 240 alco
holics and 59 "heavy social drinkers, " 
taking as the dividing point the inges
tion of 120 grams (4.2 ounces) of pure 
alcohol per day. That is the figure em
ployed by the World Health Organiza
tion to define an alcoholic. The CAT 
scans showed brain atrophy in 95 per
cent of the alcoholics and 67 percent of 
the heavy social drinkers. 

The jnvestigators then turned to 
light and moderate drinkers. They 
found that among 65 people with an 
average alcohol intake of 6 1  grams 
(2. 1 ounces) per day, 85 percent were 
shown to have brain damage. Psycho
metric deficits appeared in 70 percent 
and liver damage in 10 percent. 

To measure the effects of absti
nence, Cal a and his associates studied 
26 of the light and moderate drinkers 
who had agreed to stop drinking for six 
months. The investigators report in 
the Australian Alcohol! Drug Review 
that brain atrophy diminished and that 
"improvements were found . . .  in psy
chometric results and biochemistry. " 

Finally, the investigators scanned 
and tested 12 of the six-month ab
stainers who had been drinking again' 
for six months (mean consumption 47 
grams per day). They found "no sig-
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nificant deterioration . . .  in the atrophy 
scores on CAT scan or in psychomet
ric performance. " 

Cala and his associates conclude 
that consumption of about 40 grams 
of alcohol per day does not harm 
the brain and that abstinence reverses 
damage "in the social drinking range. " 
It is not known, the investigators con
clude, "how many times the brain 
could be re-exposed to alcohol at the 
original high level of intake followed 
by abstinence and still show repeated 
episodes of recovery. " 

Pocket Quasars 

Two sources of radio emission have 
been observed in the Milky Way 

that may lead to a clearer understand
ing of how quasars, most of which lie 
at or near the edge of the visible uni
verse, generate prodigious amounts 
of energy. The sources are among 
approximately 150 radio-emitting ob
jects in the Milky Way that are thought 
to be remnants of supernova explo
sions. Analysis of the two 'sources 
demonstrates that they have a struc
ture rather different from that of a su
pernova remnant. 

The sources were mapped at the 
Very Large Array of radio telescopes 
of the National Radio Astronomy Ob
servatory near Socorro, N. M., by Rob
ert H. Becker of the University of Cali
fornia at Davis and David 1. Helfand 
of Columbia University. One of the 
sources is designated 0357.7-0. 1. The 
"immediate impression, " the workers 
report in Nature, "is that of a number 
of smoke rings of varying dimension, 
concentrically placed along a common 
axis. " The axis is some 12 arc minutes 
long, or more than a third of the appar
ent diameter of the full moon. The in
tensity of the emission increases from 
east to west, and at the western end of 
the axis there is a compact, perhaps 
even pointlike, source of emission. 

The second radio source, designated 
05.3- 1.0, also shows "axial symmetry, 
a gradient in surface brightness from 
west to east and a compact source at 
one extreme of the axis. " In all three 
respects the sources differ from super
nova remnants, which tend to be shells 
of radio emission (presumably the de
bris of the explosion), sometimes sur
rounding a compact central source 
(the collapsed core of the star that ex
ploded). The structure of the sources 
suggests to Becker and Helfand that 
they consist of traveling binary sys
tems, in which a normal star feeds mat
ter to its companion, a neutron star or 
a black hole. In turn the companion 
emits high-energy subatomic particles 
at the western, leading end of each ra
dio source. 

The sources are in the Milky Way, 
some tens of thousands of light-years 
from the earth. Quasars, in contrast, 
are billions of light-years away.

' 
Yet 

both may embody the same phenome
non: the jetlike emission of energy by 
means of matter accreting onto a black 
hole. (In the case of the Milky Way 
sources the black hole would have 
roughly the mass of a star; in the case 
of the quasar the hole would have the 
mass of millions of stars.) The ques
tion is how the accretion leads to the 
production of energetic jets. At the end 
of March, Becker and Helfand will re
turn to the Very Large Array and at
tempt to measure the structure of the 
sources in greater detail than before. 

Gonorrhea Vaccine 

Apotential vaccine against the con
tagious venereal disease gonor

rhea has been developed by a group of 
investigators at the Stanford Universi
ty School of Medicine. The candidate 
substance, a synthetic protein frag
ment, appears to work by blocking the 
first step in the process by which gono
coccal bacteria infect the cells lining 
the human urogenital tract: the adhe
sion of the bacteria to the cell walls by 
means of the hairlike filaments called 
pili. According to Oary K. Schoolnik, 
the leader of the Stanford group, the 
potential vaccine stimulates the im
mune system to seek out and inacti
vate the pili, thereby preventing the 
bacteria from binding to the cells. The 
workers describe their findings in a 
recent issue of Proceedings 0/ the Na
tional Academy 0/ Sciences. 

Previous attempts to develop a vac
cine to protect against gonorrhea have 
failed because the protein molecule 
that makes up the pili, called pilin, has 
a tendency to change its configuration 
continually, enabling the gonococcal 
bacteria to elude the body's highly spe
cific immunological defenses. The key 
to the new vaccine's preliminary suc
cess, Schoolnik and his co-workers re
port, is that it stimulates immunity to 
a part of the pilin molecule that re
mains unchanged, even in different 
bacterial strains. 

The invariant part of the pilin mole
cule was found by synthesizing pieces 
of the protein, using an automatic sol
id-phase technique, and looking for 
pieces that remained unchanged from 
one strain to another. The invariant 
pieces were then injected into rab
bits, whose immune system reacted by 
making antibodies. Antibody-contain
ing samples of blood serum taken from 
the rabbits were tested by adding them 
to human cells in tissue culture; the 
sample that most effectively prevented 
a variety of gonococcal strains from 

© 1985 SCIENTIFIC AMERICAN, INC



We're often asked why a Leica 
produces such superior photographs. 

It is generally conceded, by 
professionals and serious 
amateurs alike, that Leica® 
cameras produce superior 
photographs. Photographs 
more vibrant more alive, 
more three-dimensional than 
other photographs. 

So it is tempting to say that 
this is simply because Leica 
produces superior cameras. 

Which is true, of course. 
But hardly a complete 
explanation. 

Because it is only when 
you fully understand the 
depth of our commitment to 
perfection that you can truly 
appreciate our extraordinary 
cameras. 

Ten tons of glass. 
Leica lenses are famous. The 
world's finest. So it won't 
surprise you to learn that we 
ourselves make the optical 
glass for them. 

What will surprise you is 
how much glass it takes. 
And how few lenses we 
end up with. 

Every year, our scientists 
use over ten tons of raw 
glass. Mixing and melting 
special formulations in pure 
platinum crucibles. Refining 
glass to ultimate optical 
standards. Discarding what 

The answers may surprise you. 

others would consider accept
able. Scrutinizing every 
finished lens individually. 
Making sure it combines high 
color saturation with delicate 
color differentiation and un
excelled sharpness. Making 
sure it is perfect. 

Ten tons of glass to make a 
few thousand lenses. No 
wonder no other manufac
turer dares try to imitate us. 

Never plastic. 
And the mechanical compo
nents of our lenses are made 
just as exactingly. Critical 
moving parts are brass and 
aluminum, never plastic. Lens 
helixes are lapped to ten
micron tolerances, then 
polished by hand with 
jeweler's rouge. Thus elimina
ting the need for heavy 
greases used by other manu
facturers. Greases which can 
affect focusing performance. 

Body talk. 
Which leads us to another. 
surprise. Leica camera bodies 
are not designed and built 
just to enhance Leica lens per
formance. They're designed 
and built to enhance yours. 

Again, take focusing. 
Focusing depends on the 
photographer's ability to see 

the image. So we've built the 
brightest viewfinder possible. 
Using silver instead of alu
minum coatings on our 
prism. And seventeen di
chroic coatings on our 
primary SLR mirror. To reflect 
maximum undistorted light. 

And for creative freedom, 
we've put an SLR exposure 
control at your fingertips. So 
you can switch instantly from 
manual or aperture priority 
with spot metering to pro
gram, shutter, or aperture 
priority with full scene 
integration. 

The art 
beyond the science. 
There are hundreds more 
examples we could give of 
Leitz's technical accomplish
ments. Of the specific su
periority of Leica design and 
manufacture. 

But at the very highest 
reaches of any discipline, 
there are areas beyond mere 
rational explanation. 

And at Leitz� a camera is 
more thanjust metal and 
glass and tests and formula
tions. It is pride and integrity 
and an almost fanatical 
dedication to perfection. It is 
skills and secrets passed on 

from father to son. From 
generation to generation. 

At Leitz, camera making is 
an art beyond a science. 

But that shouldn't 
surprise you. 

After all, so is photography. 

For further information 
about Leica cameras call 
1-800-223-0514 or write 
E. Leitz, Inc. 24 Link Drive 
Rockleigh, NJ 07647. 

Leitz means precision. Worldwide .• 
----

Leitz and Leica are registered trademarks or E. Leitz, Inc. 
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Simple answers to your questions about 
IBM Personal Computers. 

© 1985 SCIENTIFIC AMERICAN, INC



If you're personally interested in personal 
computers, but want to know more, these definitions, 
descriptions and details should help. 

""Just what is a personal computer
� and how can I use it?'� 

An IBM Personal Computer is a computer 
designed for a person. It's a 
tool to help accomplish just 
about anything a person 
needs to do with infor
mation.1t can help you start 
a small enterprise at home 

A PERSON A PERSONAL COMPUTER just as surely as it can help 
a corporate planner solve complex problems. 

""Suppose I've never had my hands on a 
computer. How "easy � will it be?" 

As with any new tool, you'll want to 
get comfortable with your IBM Personal
Computer before getting down to 
work. The nice thing is that the 
computer is on your side, inter
acting with you as you learn. Then 
you're running programs and feeling good with the 
results. It becomes clear that you've made a good 
investment, and you'll probably be telling your friends 
why they should get one. 

""Are IBM Personal Computers simple 
or sophisticated?" 

Both. Our systems have many 
advanced design features; they 

are there to make your computer 
,,,....c--._-_ simple to operate and to help 

make you more productive. As 
with a well-designed car, the 

computer is designed around you, 
the user. 

""What kind of software programs 
do you have to help me?" 

Perhaps the world's largest and most up-to-date 
library of business programs has been written 
specifically for the IBM PC family. And among the best 

of this software is IBM's Personal Computer Software. 
A great deal of it is compatible from one system 

to another or from office to home. You 
might be interested in help with your 

writing, filing, graphing, planning or 
reporting. And if you want to get all 

your ducks in a row, line them up 
with the IBM Assistant Series. 
You can work with each program 
individually, or together as a 

team. There is also software to help 
you with accounting, inventory and 

payroll-practically anything, including communi
cations packages to connect you to a company main
frame or outside information services. 

""How expensive are they? 
And what if my needs change?'� 

With all the quality, power and performance 
built into IBM Personal Computers (including their 
extraordinary expansion capabilities), you'll find 
they're surprisingly affordable. 
But the value doesn't end 
there, because if your 
needs change you can 
always expand or up
grade within the 
IBM PC family. It's a 
very extensive, very 
compatible family of products 
that can help you protect your initial investment. 

""If I want a demonstration
� 
where do I go 

and who will show it to me?'� 

Go to any Authorized IBM Personal Computer 
Dealer or IBM Product Center, or contact your IBM 
marketing representative. All ===---==; 
have received special training 1!i�iR?�@��, 11 an? you should find them II �©ft§��QD��[f{,� Ii qUite helpful. 

� Fi·� a I Ask to see the soft ware �!:1J l' I 
programs that interest you � --Ii 
most, and get your hands on _ - �W - .,-JI 
the system yourself. Then 
you'll begin to see what this 
tool for modern times can do for you. 

For a store near you, call 1-800-447-4700, Dept. He. 
In Alaska or Hawaii, 1-800-447-0890. � : :��� ® 
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A gonococcal bacterium with pili radiating from its surface 

binding to the human cells served to 
identify the potential vaccine. The next 
step in the group's research program 
calls for tests of the vaccine candidate 
in human volunteers within a year. 

The achievement of an effective vac
cine against gonorrhea would be a sig
nificant medical advance. Although 
the disease can be treated with antibi
otics, some gonococcal strains have 
become resistant to such drugs. In the 
U.S. alone gonorrhea is estimated to 
afflict more than a million people an
nually, making it the commonest com
municable disease for which records 
are kept. 

Tumor Toxin 

In the late 19th century William B. 
Coley, a New York physician, ob

served that tumors in patients who 
contract a bacterial infection some
times shrink or even disappear. Coley 
began to treat cancer patients with a 
mixture of killed bacteria that repro
duced many of the features of an actu
al infection. The therapy sometimes 
succeeded, and unlike modern radio
and chemotherapy it did not damage 
healthy tissues. 

For years the mechanism of the tu
mor regression noted by Coley re
mained a puzzle. An understanding of 
one basis of the effect may now be 
within reach. Over the past decade a 
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substance that plays a crucial role in 
the regression has been identified, 
studied and, most recently, made in 
the laboratory by genetic-engineering 
techniq ues. 

Lloyd J. Old and his colleagues at 
the Memorial Sloan-Kettering Cancer 
Center reported the existence of the 
substance in 1975. They discovered it 
by studying a well-known experimen
tal counterpart to Coley's clinical ob
servations. The investigators injected 
tumor-bearing mice with endotoxin, a 
substance extracted from the cell wall 
of certain strains of bacteria. The tu
mors blackened and died, a phenome
non known as hemorrhagic necrosis. 
Old's group found that the endotoxin 
acts indirectly: it causes the mice them
selves to prod uce a substance that at
tacks the tumor. The workers named 
the substance tumor necrosis factor 
(TNF). TNF acts with remarkable se
lectivity. When mouse serum contain
ing the substance was tested in culture, 
it killed or halted the development of 
malignant cells but did not affect nor
mal cells. 

Old and his colleagues also found 
out which cells make TNF. Before ad
ministering endotoxin to the mice, the 
workers had infected some of them 
with bacillus Calmette-Guerin (BCG). 
BCG is an attenuated tuberculosis ba
cillus known to have antitumor effects. 
Only the mice that had been primed 

with BCG before the injection of endo
toxin produced detectable amounts of 
TNF (although even un infected mice 
produced enough to cause hemor
rhagic necrosis). Infection with BCG 
causes a rapid proliferation of macro
phages, the immune system's scaven
ger cells; consequently the workers 
identified macrophages as the likely 
producers of TNF in mice. 

Macrophages and other cells of the 
immune system are now known to pro
duce TNF in human beings as well. 
Yet the basis of the factor's toxicity to 
cancer cells and of its capacity to dis
tinguish malignant cells frorn normal 
ones has remained unclear. Almost 
certainly TNF acts in concert with oth
er substances produced by the immune 
system; in 1983 Old and other workers 
at Sloan-Kettering noted that human 
TNF was most effective against tumor 
cells when it was tested together with 
interferon. A deeper understanding 
of the substance eluded investigators, 
however, largely because TNF was not 
available in a plentiful or pure form. 

That problem has now been solved. 
Writing in Nature, a team at Genen
tech, Inc., headed by David V. Goed
del reports cloning the gene that codes 
for human TNF; two other biotech
nology companies have duplicated 
the achievement. Detailed studies of 
TNF's molecular structure and the 
mechanisms by which it identifies and 
destroys malignant cells can now be 
made. Its role in the normal organism 
can be examined as well. The cloning 
of TNF has also opened the -way to 
clinical trials, in which the promise of 
Coley's original observations will be 
put to the test. 

Engineering Antibodies 

Anew approach to making antibod
ies in the laboratory may soon of

fer immunologists unprecedented flex
ibility in studying the structure and 
function of these proteins. The tech
nique, which involves the splicing of 
mouse and human antibody genes, 
also promises to have important ap
plications in the treatment of im
mune diseases. Its first medical appli
cation is planned for later this year. A 
group of researchers at Stanford Uni
versity intends to conduct a clinical 
trial of a hybrid mouse-human anti
body they believe may arrest the neu
rological damage of multiple sclerosis. 

To investigate the properties of a 
particular antibody or to use it ther
apeutically one must isolate large 
amounts in pure form. First one injects 
an antigen into mice. Antibody-pro
ducing B lymphocytes are then ex
tracted from the animals and fused 
with malignant myeloma cells to form 
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"hybridomas": cells that mUltiply free
ly in culture while secreting antibodies. 
Finally, the desired hybridoma is iso
lated and cloned. The clone provides 
a steady supply of a specific, "mono
clonal" antibody. 

The new genetic-engineering tech
nique is an extension of this well-estab
lished procedure. Writing in Proceed
ings o/the National Academy 0/ Sciences, 
Sherie L. Morrison of Columbia Uni
versity, Vernon T. Oi of the Becton
Dickinson Monoclonal Center and 
their colleagues report the successful 
splicing of antibody gene segments 
[rom mouse hybridomas with human 
antibody genes. The mouse fraction of 
the recombined genes codes for the 
variable region of the antibody-the 
end that binds to the antigen and gives 
the antibody its specificity; the human 
gene segment codes for the larger, con
stant region that determines the anti
body's biological function. When the 
hybrid genes are "transfected" into 
mouse myeloma cells, the cells pro
duce hybrid antibodies. 

The hybrids are of predominant
ly human origin, which suggests their 
potential clinical benefits. Until now 
most of the monoclonal antibodies ad
ministered to human patients have 
been derived from mice. (Human hy
bridomas tend to be unstable in the 
laboratory.) Mouse antibodies, how
ever, are often rejected by the hu
man immune system. A rejection of 
near-human antibodies is thought to 
be less likely. 

The Stanford group led by Law
rence Steinman intends to exploit these 
improved odds in treating mUltiple 
sclerosis. While the causes of multiple 
sclerosis remain obscure, a widely ac
cepted hypothesis holds that it results 
from an abnormality among the pa
tient's own "helper" T lymphocytes, 
which leads to an immune attack on 
the myelin sheath that protects nerve 
cells. In a recent issue of Science Stein
man and his colleagues report that the 
course of an analogous disease in mice 
can be reversed by a monoclonal anti
body that binds to a particular surface 
marker on helper T cells. When the 
antibody was injected after the appear
ance of early symptoms, the disease 
was halted in 90 percent of the mice. 

For the forthcoming clinical trial the 
workers will link the variable-region 
segment of the mouse antibody gene 
with constant-region DNA from hu
man cells. The resulting hybrid, they 
hope, will recognize and destroy help
er T cells in multiple sclerosis patients 
without inducing an immune reaction. 

The long-term benefits of recombin
ing antibody genes are likely to be even 
more significant. According to Morri
son and Oi, through selective genetic 

manipulations workers should eventu
ally be able to determine how different 
antibodies carry out their diverse func
tions. Someday it may even prove pos
sible to make new antibodies for spe
cific medical purposes that improve on 
the natural models. 

Backward Glance 

Can two measurements, one made in 
the past and the other made in the 

future, give us more knowledge about 
the present state of affairs than a meas
urement made right now? Even more 
paradoxically, can a measurement 
made in the future specify aspects of 
the present that, without the future 
measurement, would have remained 
forever indeterminate? Three theoret
ical physicists have now presented 
a quantum-mechanical argument that 
suggests an affirmative answer to both 
questions. 

The argument is put forward in a 
recent issue of Physical Review Letters 
by David Z. Albert and Yakir Aharo
nov of the University of South Caroli
na and Susan D'Amato of Furman 
University. It centers on a cornerstone 
of quantum mechanics called the un
certainty principle. According to the 
uncertainty principle, the precise val
ues of two so-called noncommuting 
variables cannot be determined at the 
same time. 

For example, suppose one wants to 
measure the spin components of an el
ementary particle. In quantum me
chanics the x and y components of the 
spin are subject to the uncertainty prin
ciple. If one makes an exact measure
ment of the x component of the spin, 
one can have no knowledge at all 
about the y component; if one meas
ures the y component instead, the x 
component must be unknown. 

Albert, Aharonov and D'Amato 
consider a thought experiment first put 
forward some 50 years ago. Suppose 
the x component of a spin is precisely 
measured on Monday. The measure
ment completely obscures any knowl
edge about the value of the y compo
nent, but it can be done in such a way 
that the x component is unaffected. 
Furthermore, suppose the y compo
nent is measured on Friday in such a 
way that it too does not disturb the 
result a second measurement of the y 
component would give. 

What can one say on Friday about 
the results of the two measurements? It 
seemed to the theorists who first for-

. 
mulated the thought experiment that 
one could say the following: If a meas
urement of the x component had been 
made on Wednesday, the result would 
have been the same as the value ob
tained for the x component on Mon-
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day. Moreover, if a measurement of 
the y component had been made on 
Wednesday, the result would have 
been the same as the value obtained 
for the y component on Friday. 

In short, on Friday one would be in 
a position to say what the result of 
a measurement of either the x or the 
y component would have been on 
Wednesday. No single measurement 
of the two spin components on Wed
nesday could have put an observer 
into the same position: the measure
ment of either spin component would 
have disturbed the value of the other. 

For technical reasons many physi
cists have explicitly rejected the con
clusion of the thought experiment. 
Instead they have accepted an interpre
tation of the uncertainty principle in 
which the uncertainty is not merely a 
matter of measurement but extends to 
the description of physical reality. In 
this standard interpretation, not only 
is it impossible to measure the x and 
y components of a particle simulta
neously but also it is impossible to 
state what the two components would 
be at a given time if one or the oth
er were measured. In other words, 
the two conditional statements made 
on Friday in the thought experiment 
have been assumed to be ruled out 
of bounds. 

The three theorists have now shown 
that the technical objections raised 
against the thought experiment were 
ill-founded. Hence the standard inter
pretation of the uncertainty principle 
must be rejected. It may be, however, 
that there is even more at stake. Some 
theorists have taken an even strong
er view of the uncertainty principle, 
namely that only the observation of 
a quantum phenomenon can make a 
noncom muting variable take on a defi
nite value. The rest of the time its value 
is not only unknown but also physical
ly "smeared out": the quantity literally 
has no definite value. 

If the strong view is independent of 
the interpretation of the uncertainty 
principle that has now been unseated, 
the conclusions are quite paradoxical. 
According to the strong view, it is not 
possible to say on Wednesday that 
both spin components have a definite 
value. On the other hand, it is possible 
to say on Friday that the two spin com
ponents would have had such and such 
values on Wednesday, if one or the 
other component had been measured. 
The measurement on Friday caused, 
in some sense of the word ca use, 
the smeared'-out values of the spin on 
Wednesday to collapse into some def
inite configuration. The logical puz
zles about time and causality that this 
development engenders have not yet 
been fully explored. 
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Elementary Particles and Forces 
A coherent view of the fundamental constituents of matter and the forces 

governing them has emerged. It embraces disparate theories, but they 

may soon be united in one comprehensive description of natural events 

T
he notion that a fundamental 
simplicity l ies below the ob
served diversity of the universe 

has carried physics far. Historically 
the l ist of particles and forces consid
ered to be elementary has changed 
continually as closer scrutiny of mat
ter and its interactions revealed micro
cosms within microcosms: atoms with
in molecules, nuclei and electrons 
withi,n atoms, and successively deeper 
levels of structure within the nucleus. 
Over the past decade, however, experi
mental results and the convergence of 
theoretical ideas have brought new co
herence to the subject of particle phys
ics, raising hopes that an enduring un
derstanding of the laws of nature is 
within reach. 

Higher accelerator energies have 
made it possible to collide particles 
with greater violence, revealing the 
subatomic realm in correspondingly 
finer detail; the l imit of experimental 
resolution now stands at about 1 0-16 
centimeter, about a thousandth the 
d iameter of a proton. A decade ago 
physics recognized hundreds of appar
ently elementary particles; at today's 
resolution that d iversity has been 
shown to represent combinations of a 
much smaller number of fundamental 
entities. Meanwhile the forces through 
which these constituents interact have 
begun to display underlying similari
ties. A deep connection between two 
of the forces, electromagnetism and 
the weak force that is familiar in nu
clear decay, has been established, and 
prospects are good for a description 
of fundamental forces that also en
compasses the strong force that b inds 
atomic nuClei. 

Of the particles that now appear to 
be structureless and indivisible, and 
therefore fundamental, those that are 
not affected by the strong force are 
known as leptons. Six d istinct types, 
fancifully called flavors, of lepton 
have been identified. Three of the lep
tons, the electron, the muon and the 
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by Chris Quigg 

tau, carry an identical electric charge 
of - 1 ;  they d iffer, however, in mass. 
The electron is the lightest and the tau 
the heaviest of the three. The other 
three, the neutrinos, are, as their name 
suggests, electrically neutral. Two of 
them, the electron neutrino and the 
muon neutrino, have been shown to be 
nearly massless. In spite of their varied 
masses all six leptons carry precise
ly the same amount of spin angular 
momentum. They are designated spin-
1!2 because each particle can spin in 
one of two directions. A lepton is said 
to be right-handed if the curled fingers 
of a right hand indicate its rotation 
when the thumb points in its d irection 
of travel and left-handed when the fin
gers and thumb of the left hand indi
cate its spin and d irection. 

For each lepton there is a corre
sponding anti lepton, a variety of anti
particle. Antiparticles have the same 
mass and spin as their respective parti
cles but carry opposite values for other 
properties, such as electric charge. The 
antileptons, for example, include the 
antielectron, or positron, the antimuon 
and the antitau, all of which are posi
tively charged, and three electrically 
neutral antineutrinos. 

In their interactions the leptons seem 
to observe boundaries that define three 
families, each composed of a charged 
lepton and its neutrino. The families 
are distinguished mathematically by 
lepton numbers; for example, the elec
tron and the electron neutrino are as
signed electron number 1, muon num
ber 0 and tau number O. Antileptons 
are assigned lepton numbers of the op
posite sign. Although some of the lep
tons decay into other leptons, the to
tal lepton number of the decay prod
ucts is equal to that of the original 
particle; consequently the family lines 
are preserved. 

The muon, for example, is unstable. 
It decays after a mean l ifetime of 2.2 
microseconds into an electron, an elec
tron antineutrino and a mUOll neutri-

no through a process mediated by the 
weak force. Total lepton number is 
unaltered in the transformation. The 
muon number of the muon neutrino is 
1, the electron number of the electron 
is 1 and that of the electron antineu
trino is - 1. The electron numbers 
cancel, leaving the initial muon num
ber of 1 unchanged. Lepton number is 
also conserved in the decay of the tau, 
which endures for a mean lifetime of 
3 X 1 0-13 second. 

The electron, however, is absolutely 
stable. Electric charge must be con
served in all interactions, and there is 
no less massive charged particle into 
which an electron could decay. The 
decay of neutrinos has not been ob
served. Because neutrinos are the less 
massive members of their respective 
families, their decay would necessarily 
cross family lines. 

Where are leptons observed? The 
electron is familiar as the carrier of 
electric charge in metals and semicon
ductors. Electron antineutrinos are 
emitted in the beta decay of neutrons 
into protons. Nuclear reactors, which 
produce large numbers of unstable 
free neutrons, are abundant sources of 
antineutrinos. The remaining species 
of lepton are prod uced mainly in high
energy collisions of subnuclear parti
cles, which occur naturally as cosmic 
rays interact with the atmosphere and 
under controlled conditions in parti
cle accelerators. Only the tau neutrino 
has not been observed d irectly, but 
the indirect evidence for its existence 
is convincing. 

Quarks 

Subnuclear particles that experience 
the strong force make up the second 
great class of particles studied in the 
laboratory. These are the hadrons; 
among them are the protons, the neu
trons and the mesons. A host of oth
er less familiar hadrons exist only 
ephemerally as the products of high-
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DEBRIS of a hypothetical high-energy col
lision between two protons is depicted in 
computer simulations made in accordance 
with the known and conjectured behavior 
of elementary particles. James Freeman of 
the Collider Detector Group at the Fermi 
National Accelerator Laboratory (Fermi
lab) devised the simulation program using 
the ISAJET model devised by Frank E. Paige, 
Jr., of the Brookhaven National Laboratory. 
The collision, possible outcomes of which 
are shown, takes' place at an energy of 40 
TeV (trillion electron volts), far greater than 
can be reached in today's accelerators. The 
enormous energy is assumed to give rise to 
a Higgs boson, a massive particle that plays 
a crucial role in theory but has not been ob
served. The Higgs boson promptly decays 
into two Wbosons, also short-lived and mas
sive, which then decay by several routes. 
Some of the particles whose tracks are plot
ted are the products of the W bosons' decay; 
others emerged from the breakup of the in
cident protons. The electrons, muons and 
neutrinos are elementary particles; the bar
yons, pions and kaons are composites of fun
damental constituents, and the photons are 
quanta of energy. A magnetic field is simu
lated, causing paths of charged particles to 
curve, whereas neutral ones are not affected. 
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energy collisions, from which extreme
ly massive and very unstable particles 
can materialize. Hundreds of species 
of hadron have been catalogued, vary
ing in mass, spin, charge and other 
properties. 

Hadrons are not elementary parti
cles, however, since they have internal 
structure. In 1 964 Murray Gell-Mann 
of the California Institute of Technol
ogy and George Zweig, then working 
at CERN, the European laboratory for 
particle physics in Geneva, indepen
dently attempted to account for the 
bewildering variety of hadrons by sug
gesting they are composite particles, 
each a different combination of a small 
number of fundamental constituents. 
Gell-Mann called them quarks. Stud
ies at the Stanford Linear Accelera
tor Center (SLAC) in the late 1 960's in 
which high-energy electrons were fired 
at protons and neutrons bolstered the 
hypothesis. The distribution in energy 
and angle of the scattered electrons in
dicated that some were colliding with 
pointlike, electrically charged objects 
within the protons and neutrons. 

Particle physics now attributes all 
known hadron species to com binations 
of these fundamental entities. Five 
kinds, also termed flavors, of quark 
have been identified-the up (u) , down 
(d), charm (c), strange (s) and bottom 
(b) quarks-and a sixth flavor, the top 
(t) quark, is believed to exist. Like the 
leptons, quarks have half a unit of 
spin and can therefore exist in left
and right-handed states. They also car
ry electric charge equal to a precise 
fraction of an electron's charge: the 
d, sand b quarks have a charge of 
- 1!3,  and the u, c and the conjectured 
t quark have a charge of +213. The 
correspond ing an tiq uar ks ha ve electric 
charges of the same magnitude but op
posite sign. 

Such fractional charges are never 
observed in hadrons, because quarks 
form combinations in which the sum 
of their charges is integral. Mesons, for 
example, consist of a quark and an an
tiq uark, whose charges add up to - 1,  
o or + 1 .  Protons and neutrons con
sist respectively of two u quarks and 
a d quark, for a total charge of + 1 ,  

QUARKS 

PARTICLE NAME SYMBOL 
MASS AT REST ELECTRIC 

PARTICLE NAME (MeV/c') CHARGE 

ELECTRON NEUTRINO ue ABOUT 0 0 
ELECTRON e or e 0.511 - 1  

MUON NEUTRINO ufJ. ABOUT 0 0 
MUON fJ. or fJ. 106.6 -1 

TAU NEUTRINO UT LESS THAN 164 0 

TAU T orT - 1,784 -1 

STRENGTH AT 10-13 

and of a u quark and two d quarks, for 
a total charge of O. 

Like leptons, the quarks experience 
weak interactions that change one spe
cies, or flavor, into another. For exam
ple, in the beta decay of a neutron into 
a proton one of the neutron's d quarks 
metamorphoses into a u quark, emit
ting an electron and an antineutrino in 
the process. Similar transformations 
of c quarks into s quarks have been 
observed. The pattern of decays sug
gests two family groupings, one of 
them thought to contain the u and the 
d quarks and the second the c and the 
s quarks. In apparent contrast to the 
behavior of leptons, some quark de
cays do cross family lines, however; 
transformations of u quarks into s 
quarks and of c quarks into d quarks 
have been observed. It is the similari
ty of the two known quark families to 
the families of leptons that first sug
gested the existence of a t quark, to 
serve as the partner of the b quark in a 
third family. 

In contrast to the leptons, free 
quarks have never been observed. Yet 

SYMBOL 
MASS AT REST ELECTRIC 
(MeV/c') CHARGE 

u 310 213 

d 310 -V3 
c 1,500 % 
s 505 _1/3 

> 
HYPOTHETICAL 213 

PARTICLE 

b ABOUT 5,000 -% 

FORCE RANGE 
CENTIMETER IN CARRIER 

MASS AT REST 
SPIN 

ELECTRIC 
REMARKS 

COMPARISOI')J WITH 
STRONG FORCE 

GRAVIT Y INFINITE 10-38 

ELECTROMAGNETISM INFINITE 10-' 

WEAK 
LESS THAN 10-16 

10-13 
CENTIMETER 

STRONG LESS THAN 10-13 1 
CENTIMETER 

FUNDAMENTAL SCHEME OF NATURE, according to current 
theory, embraces 12 elementary particles (top) and four forces (bot
tom). All the particles listed are thought to be structureless and in
divisible; among their properties are an identical amollnt of spin, 
given by convention as 112, and differing values of electric charge, 
color charge and mass, given as energy in millions of electron volts 
(MeV) divided by the square of the speed of light (c). Only the pairs 
of leptons and quarks at the top of each column are found in ordi-
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(GeV/c') CHARGE 

GRAVITON 0 2 0 CONJECTURED 

PHOTON 0 1 0 OBSERVED 
DIRECTLY 

INTERMEDIATE OBSERVED 
BOSONS: W+ 81 1 +1 DIRECTLY 

OBSERVED 
W- 81 1 - 1  DIRECTLY 

Zo 93 1 0 OBSERVED 
DIRECTLY 

GLUONS 0 1 0 PERMANENTLY 
CONFINED 

nary matter; the other particles are observed briefly in the aftermath 
of high-energy collisions. The four forces thought to govern matter 
vary in range and strength; although the strong force is the most 
powerful, it acts only over a distance of less than 10-13 centimeter, 
the diameter of a proton. All the forces are conveyed by force parti
cles, whose masses are given in billions of electron volts (Ge V) di
vided by the square of the speed of light. Because of its weakness, 
gravity has not been studied experimentally by particle physicists. 
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circumstantial evidence for their exis
tence has mounted steadily. One indi
cation of the soundness of the quark 
model is its success in predicting the 
outcome of high-energy collisions of 
an electron and a positron. Because 
they represent matter and antimatter, 
the two particles annihilate each other, 
releasing energy in the form of a pho
ton. The quark model predicts that the 
energy of the photon can materialize 
into a quark and an antiquark. Because 
the colliding electron-positron pair 
had a net momentum of 0, the quark
antiq uark pair must diverge in oppo
site directions at equal velocities so 
that their net momentum is also O. The 
quarks themselves go unobserved be
cause their energy is converted into ad
ditional quarks and antiquarks, which 
materialize and combine with the orig
inal pair, giving rise to two jets of had
rons (most of them pions, a species of 
meson) .  Such jets are indeed observed, 
and their focused nature confirms that 
the hadrons did not arise directly from 
the collision but from single, indivis
ible particles whose trajectories the 
jets preserve. 

The case for the reality of quarks is 
also supported by the variety of energy 
levels, or masses, at which certain spe
cies of hadron, notably the psi and the 
upsilon particles, can be observed in 
accelerator experiments. Such energy 
spectra appear analogous to atomic 
spectra :  they seem to represent the 
quantum states of a bound system of 
two smaller components. Each of its 
quantum states would represent a dif
ferent degree of excitation and a dif
ferent combination of the components' 
spins and orbital motion. To most 
physicists the conclusion that such 
particles are made up of quarks is ir
resistible. The psi particle is held to 
consist of a c quark and its antiquark, 
and the upsilon particle is believed to 
comprise a b quark and its antiquark. 

What rules govern the combinations 
of quarks that form hadrons? Mesons 
are composed of a quark and an anti
quark. Because each quark has a spin 
of 1 / 2, the net spin of a meson is 0 if its 
constituents spin in opposite directions 
and I if they spin in the same direction, 
although in their excited states mesons 
may have larger values of spin owing 
to the quarks' orbital motion. The oth
er class of hadrons, the baryons, con
sist of three quarks each. Summing the 
constituent quarks' possible spins and 
directions yields two possible values 
for the spin of the least energetic bary
ons: 1/2  and 3 /2 .  No other combina
tions of quarks have been observed; 
hadrons that consist of two or four 
quarks seem to be ruled out. 

The reason is linked with the answer 

ELECTRON / 
POSITRON 

EVIDENCE OF QUARKS, two narrow jets of particles emerge 
from the collision and mntnal annihilation of an electron and an 
anti electron, or positron. The annihilation releases energy, which 

gives rise to matter. The detected particles have a variety of masses 
and spins; some are neutral (brokell lilies) and some electrically 

charged (solid lilies). If the particles arose directly from the annihila

tion, they wonld be expected to follow widely divergent paths. The 

focused character of the jets snggests instead that each jet developed 

from a single precnrsor: a qnark or an antiquark. They are the im
mediate prodncts of the photon of electromagnetic energy released 
in the collision, which is diagrammed at the left nsing arrows to rep

resent the relative motion of the particles. The event shown was 
recorded in the JADE detector of the PETRA accelerator at the Deut
sches Elektronen-Synchrotron (DESY) in Hamburg. The paths of 
the particles were reconstrncted by computer from ionization tracks 
and from the pattern of energy (color) deposited as the particles 
struck the inner layer of the 2.4-meter-long cylindrical detector. 

to another puzzle. According to the 
exclusion principle of Wolfgang Pauli, 
no two particles occupying a minute 
region of space and possessing half
integral spins can have the same quan-
tum number-the same values of mo
mentum, charge and spin. The Pauli 
exclusion principle accounts elegantly 
for the configurations of electrons that 
determine an element's place in the pe
riodic table. We should expect it to be 
a reliable guide to the panoply of had
rons as well. The principle would seem 
to suggest, however, that exotic had
rons such as the delta plus plus and the 
omega minus particles, which materi
alize briefly following high-energy col .. 
lisions, cannot exist. They consist re-

spectively of three u and three s quarks 
and possess a spin of 3 / 2 ;  all three 
quarks in each of the hadrons must be 
identical in spin as well as in other 
properties and hence must occupy the 
same quantum state. 

Colors 

To explain such observed combi
nations it is necessary to suppose the 
three otherwise identical quarks are 
distinguished by another trait : a new 
kind of charge, whimsically termed 
color, on which the strong force acts. 
Each flavor of q uar k can carry one 
of three kinds of color charge: red, 
green or blue. To a red quark there 
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corresponds an antiquark with a col
or charge of antired (which may be 
thought of as cyan); other antiquarks 
bear charges of antigreen (magenta) 
and antiblue (yellow). 

The analogy between this new kind 
of charge and color makes it possible 

to specify the rules under which quarks 
combine. Hadrons do not exhibit a col
or charge; the sum of the component 
quarks' colors must be white, or color
neutral. Therefore the only allowable 
combinations are those of a quark and 
its antiquark, giving rise to mesons, 

and of a red, a green and a blue quark, 
. yield ing the baryons. 

Colored states are never seen in iso
lation. This concealment is consistent 
with the fact that free quarks, bearing a 
single color charge, have never been 
observed. The activity of the strong 
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SPIN 0 

SPIN PLUS ORBITAL 
ANGULAR MOMENTUM 

VARIETY OF MASSES at which two-quark systems known as 
the psi (left) and the upsilon (right) particles are observed reveal the 
energy states each can adopt. The psi particle consists of a c quark 
and its antiquark, bound by the color force; the upsilon particle is a 
similar combination of a b quark and its antiquark. Each column 
within a spectrum of masses corresponds to a different combina-

SCREENING AND CAMOUFLAGE EFFECTS modify the be
havior of fundamental forces over distance. The left panel shows 
an electron in a vacuum; it is surrounded by short-lived pairs of 
virtual electrons and positrons, which in quantum theory populate 
the vacuum. The electron attracts the virtual positrons and repels 
the virtual electrons, thereby screening itself in positive charge. The 
farther from the electron a real charge is, the thicker the interven
ing screen of virtual positive charges is and the smaller the electron's 
effective charge will be. The color force is subject to the same screen
ing effect (center). Virtual color charges (mostly quark-antiquark 
pairs) fill the vacuum; a colored quark attracts contrasting colors, 

88 

10.5 

'0 
:> Q) 
� 
(fJ 10.0 
(fJ 
« 
� 

9.5 

SPIN o 

UPSILON 

SPIN PLUS ORBITAL 
ANGULAR MOMENTUM 

tion of the quarks' spins and orbital angular momentum. Differ
ent masses or, equivalently, energy levels within a column represent 
quantum levels of excitation. The resemblance of the spectra to the 
spectra of atoms indicates that particles such as the psi and the upsi
lon are also bound systems of smaller constituents. Such spectra of
fer insight into the behavior of the color force at short distances. 

thereby surrounding itself with a screen that acts to reduce its ef
fective charge at increasing distances. An effect called camouflage 
counteracts screening, however. A quark continuously radiates and 
reabsorbs gluons that carry its color charge to considerable distan
ces and change its color, in this case from blue to green (right). A 
charge's full magnitude can be felt only outside the space it occu
pies. Therefore camouflage acts to increase the force felt by an ac
tual quark as it moves away from the first quark, toward the edge 
of the color-charged region. The net result of screening and cam
ouflage is that at close range the strong interaction, which is based 
on the color <;harge, is weaker, whereas at longer ranges it is stronger. 
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force between colored quarks must 
be extraordinarily powerful, perhaps 
powerful enough to confine quarks 
permanently within colorless, or color
neutral, hadrons. The description of 
violent electron-positron collisions ac
cording to the quark model, however, 
assumes the quarks that give rise to the 
observed jets of hadrons d iverge freely 
during the first instant following the 
collision. The apparent independence 
of quarks at very short d istances is 
known as asymptotic freedom; it was 
described in 1 973 by David J. Gross 
and Frank Wilczek of Princeton Uni
versity and by H. David Politzer, then 
at Harvard University. 

Analogy yields an operational un
derstanding of this paradoxical state of 
affairs, in which quarks interact only 
weakly when they are close together 
and yet cannot be separated. We may 
think of a hadron as a bubble within 
which quarks are imprisoned. Within 
the bubble the quarks move freely, but 
they cannot escape from it. The bub
bles, of course, are only a metaphor for 
the dynamical behavior of the force 
between quarks, and a fuller explana
tion for what is known as quark con
finement can come only from an exam
ination of the forces through which 
particles interact. 

The Fundamental Interactions 

Nature contrives enormous com
plexity of structure and dynamics 
from the six leptons and six quarks 
now thought to be the fundamental 
constituents of matter. Four forces 
govern their relations: electromagnet
ism, gravity and the strong and weak 
forces. In the larger world we experi
ence d irectly, a force can be defined as 
an agent that alters the velocity of a 
body by changing its speed or direc
tion. In the realm of elementary parti
cles, where quantum mechanics and 
relativity replace the Newtonian me
chanics of the larger world, a more 
comprehensive notion of force is in or
der, and with it a more general term, 
interaction. An interaction can cause 
changes of energy, momentum or kind 
to occur among several collid ing parti
cles; an interaction can also affect a 
particle in isolation, in a spontaneous 
decay process. 

Only gravity has not been studied at 
the scale on which elementary parti
cles exist; its effects on such minute 
masses are so small that they can safe
ly be ignored. Physicists have attempt
ed with considerable success to predict 
the behavior of the other three interac
tions through mathematical descrip
tions known as gauge theories. 

The notion of symmetry is central 
to gauge theories;. A symmetry, in the 

mathematical sense, arises when the 
solutions to a set of equations remain 
the same even though a characteristic 
of the system they describe is altered. 
If a mathematical theory remains valid 
when a characteristic of the system is 
changed by an identical amount at ev
ery point in space, it can be said that 
the equations d isplay a global symme
try with respect to that characteris
tic. If the characteristic can be altered 
independently at every point in space 
and the theory is still valid, its eq ua
tions d isplay local symmetry with re
spect to the characteristic. 

Each of the four fundamental forces 
is now thought to arise from the invari
ance of a law of nature, such as the 
conservation of charge or energy, un
der a local symmetry operation, in 
which a certain parameter is altered 
independently at every point in space. 
An analogy with an ideal rubber d isk 
may help to visualize the effect of the 
mathematics. If the shape of the rub
ber d isk is l ikened to a natural princi
ple and the d isplacement of a point 
within the d isk is regarded as a local 
symmetry operation, the d isk must 

. keep its shape even as each point with
in it is d isplaced independently. The 
d isplacements stretch the d isk and in
troduce forces between points. Simi
larly, in gauge theories the fundamen
tal forces are the inevitable conse
quences of local symmetry operations; 
they are req uired in order to preserve 
symmetry. 

Of the three interactions studied in 
the realm of elementary particles, only 
electromagnetism is the stuff of every
day experience, familiar in the form of 
sunlight, the spark of a static d ischarge 
and the gentle swing of a compass nee
dle. On the subatomic level it takes on 
an unfamiliar aspect. According to rel
ativistic quantum theory, which l inks 
matter and energy, electromagnetic 
interactions are mediated by pho
tons: massless "force particles" that 
embody precise quantities of energy. 
The quantum theory of electromag
netism, which describes the photon
mediated interactions of electrically 
charged particles, is known as quan
tum electrodynamics (QED). 

In common with other theories of 
the fundamental interactions, QED is 
a gauge theory. In QED the electro
magnetic force can be derive<;l by re
quiring that the equations describing 
the motion of a charged particle re
main unchanged in the course of local 
symmetry operations. Specifically, if 
the phase of the wave function by 
which a charged particle is described 
in quantum theory is altered indepen
dently at every point in space, QED 
req uires that the electromagnetic in
teraction and its mediating particle, 

the photon, exist in order to maintain 
symmetry. 

QED is the most successful of physi
cal theories. Using calculation meth
ods developed in the 1940's by Rich
ard P. Feynman and others, it has 
achieved predictions of enormous ac
curacy, such as the infinitesimal ef
fect of the photons radiated and ab
sorbed by an electron on the magnetic 
moment generated by the electron's 
innate spin. Moreover, QED's de
scriptions of the electromagnetic inter
action have been verified over an ex
traordinary range of d istances, vary
ing from less than 10-18 meter to more 
than 1 08 meters. 

Screening 

In particular QED has explained the 
effective weakening of the electromag
netic charge with d istance. The electric 
charge carried by an object is a fixed 
and definite quantity. When a charge 
is surrounded by other freely moving 
charges, however, its effects may be 
mod ified. If an electron enters a medi
um composed of molecules that have 
positively and negatively charged 
ends, for example, it will polarize the 
molecules. The electron will repel 
their negative ends and attract their 
positive ends, in effect screening itself 
in positive charge. The result of the 
polarization is to reduce the electron's 
effective charge by an amount that in
creases with d istance. Only when the 
electron is inspected at very close 
range-on a submolecular scale, with
in the screen of positive charges-is its 
full charge apparent. 

Such a screening effect seemingly 
should not arise in a vacuum, in which 
there are no molecules to become po
larized. The uncertainty principle of 
Werner Heisenberg suggests, however, 
that the vacuum is not empty. Accord
ing to the principle, uncertainty about 
the energy of a system increases as it 
is examined on progressively shorter 
time scales. Particles may violate the 
law of the conservation of energy for 
unobservably brief instants; in effect, 
they may materialize from nothing
ness. In QED the vacuum is seen as a 
complicated and seething medium in 
which pairs of charged "virtual" parti
cles, particularly electrons and posi
trons, have a fleeting existence. These 
ephemeral vacuum fluctuations are 
polarizable just as are the molecules of 
a gas or a l iquid. Accordingly QED 
predicts that in a vacuum too electric 
charge will be screened and effectively 
reduced at large d istances. 

The strong interaction affecting 
quarks that is based on the color 
charge also varies with d istance, al
though in a contrary manner: instead 
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of weakening with d istance the color 
charge appears to grow stronger. Only 
at d istances of less than about 1 0-13 
centimeter, the d iameter of a proton, 
does it d iminish enough to allow mutu
ally bound quarks a degree of indepen
dence. Yet the explanation for this pe
culiar behavior is found in a theory 
that is closely modeled on QED. It 
is a theory called quantum chromody
namics (QCD), the gauge theory of the 
strong interactions. 

Like QED, QCD postulates force 
particles, which mediate interactions. 
Colored quarks interact through the 
exchange of entities called gluons, just 
as charged particles trade photons. 
Whereas QED recognizes only one 
kind of photon, however, QCD admits 
eight kinds of gluon. In contrast to the 
photons of QED, which do not alter 
the charge of interacting particles, the 
emission or absorption of a gluon can 
change a quark's color; each of the 
eight gluons mediates a d ifferent trans
formation. The mediating gluon is it
self colored, bearing both a color and 
an anticolor. 

The fact that the gluons are color
charged, in contrast to the electrically 
neutral photons of QED, accounts for 
the d iffering behaviors over d istance 
of the electromagnetic and strong in
teractions. In QCD two competing 
effects govern the effective charge: 
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screening, analogous to the screening 
of QED, and a new effect known as 
camouflage. The screening, or vacuum 
polarization, resembles that in electro
magnetic interactions. The vacuum of 
QCD is populated by pairs of virtual 
quarks and antiq uarks, winking into 
and out of existence. If a quark is in
troduced into the vacuum, virtual par
ticles bearing contrasting color charges 
will be attracted to the quark; those 
bearing a like charge will be repelled. 
Hence the quark's color charge will 
be hidden within a cloud of unlike 
colors, which serves to reduce the ef
fective charge of the quark at great
er d istances. 

Camouflage 

Within this polarized vacuum, how
ever, the quark itself continuously 
emits and reabsorbs gluons, thereby 
changing its color. The color-charged 
gluons propagate to appreciable d is
tances. In effect they spread the color 
charge throughout space, thus cam
ouflaging the quark that is the source 
of the charge. The smaller an arbi
trary region of space centered on the 
q uar k is, the smaller will be the pro
portion of the quark's color charge 
contained in it. Thus the color charge 
felt by a quark of another color will 
d iminish as it approaches the first 

quark. Only at a large d istance will 
the full magnitude of the color charge 
be apparent. 

In QCD the behavior of the strong 
force represents the net effect of 
screening and camouflage. The equa
tions of QCD yield a behavior that is 
consistent with the observed paradox 
of quarks: they are both permanently 
confined and asymptotically free. The 
strong interaction is calculated to be
come extraordinarily strong at appre
ciable d istances, resulting in quark 
confinement, but to weaken and free 
quarks at very close range. 

In the regime of short d istances that 
is probed in high-energy collisions, 
strong interactions are so enfeebled 
that they can be described using the 
methods developed in the context of 
QED for the much weaker electro
magnetic interaction. Hence some of 
the same precision that characterizes 
QED can be imparted to QCD. The 
evolution of jets of hadrons from a 
quark and an antiquark generated in 
electron-positron anhthilation, for ex
ample, is a strong interaction. QCD 
predicts that if the energy of the colli
sion is high enough, the quark and the 
antiquark moving off in opposite d i
rections may generate not two but 
three jets of hadrons. One of the parti
cles will radiate a gluon, moving in a 
third direction. It will also evolve into 

QUARK 

ELECTRON 

GLUON 

� 
ANTIQUARK 

POSITRON 

THREE-JET EVENT, re�orded in the JADE 
detector, confirms the existence of the glu
on, the mediating particle of the color force. 
An electron and a positron collided at high 
energy, creating a quark and an antiquark, 
as in the event shown on page 87. In this case 
one of the quarks radiated a gluon (abo I'e). 
The quarks and the gluon diverged; each 
promptly gave rise to a shower of particles, 
which preserved the trajectory of the origi
nal entity (left). The event reveals the asymp
totic freedom of quarks and gluons: their 
ability to move independently within a very 
small region in spite of the enormous strength 
of the color force across larger distances. 
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hadrons, giving rise to a third distinct 
jet-a feature that indeed is common
'ly seen in high-energy collisions. 

The three jets continue along paths 
set by quarks and gluons moving with
in an extremely confined space, less 
than 1 0  �13 centimeter. The q uark-anti
quark pair cannot proceed as isolated 
particles beyond that distance, the lim
it of asymptotic freedom. Yet the con
finement of quarks and of their inter
actions is not absolute. Although a 
hadron as a whole is color-neutral, 
its quarks do respond to the individual 
color charges of quarks in neighboring 
hadrons. The interaction, feeble com
pared with the color forces within had
rons, generates the binding force that 
holds the protons and neutrons togeth
er in nuclei. 

Moreover, it seems likely that when 
hadronic matter is compressed and 
heated to extreme temperatures, the 
hadrons lose their individ ual identities. 
The hadronic bubbles of the image 
used above overlap and merge, pos
sibly freeing their constituent quarks 
and gluons to migrate over great dis
tances. The resulting state of matter, 
called q uark-gl uon plasma, may exist 
in the cores of collapsing supernovas 
and in neutron stars. Workers are now 
studying the possibility of creating 
quark-gluon plasma in the laboratory 
through collisions of heavy nuclei at 
very high energy [see "Hot N ucle
ar Matter," by Walter Greiner and 
Horst Stocker; SCIENTIFIC AMERICAN, 
January]. 

Electroweak Symmetry 

Understanding of the third interac
tion that elementary-particle physics 
must reckon with, the weak interac
tion, also has advanced by analogy 
with QED. In 1 93 3  Enrico Fermi 
constructed the first mathematical 
description of the weak interaction, 
as manifested in beta radioactivity, 
by direct analogy with QED. Subse
quent work revealed several impor
tant differences between the weak and 
the electromagnetic interactions. The 
weak force acts only over distances of 
less than 1 0  -16 centimeter (in contrast 
to the long range of electromagnet
ism), and it is intimately associated 
with the spin of the interacting parti
cles. Only particles with a left-handed 
spin are affected by weak interactions 
in which electric charge is changed, as 
in the beta decay of a neutron, whereas 
right-handed ones are unaffected. 

In spite of these distinctions theo
rists extended the analogy and pro
posed that the weak interaction, like 
electromagnetism, is carried by a force 
particle, which came to be known as 
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SIGNATURE OF THE ZO PARTICLE is visible on a computer-synthesized display from 
the UAl detector of the Super Proton Synchrotron Collider at CER�, the European labora
tory for particle physics in Geneva, where the existence of the W + and W - particles was 
also established. The zo, W+ and W- are the particles that transmit the weak force; their ex
istence was predicted by the unified theory of the weak and the electromagnetic interac
tions, and their discovery vindicated the theory. The tracks depicted within the detector 
correspond to particles detected following the high-energy collision of a proton and an anti
proton. The tracks displayed in white are those of an electron and a positron, the characteris
tic decay products of the zo, which <l,isintegrated soon after it materialized in the collision. 

the intermediate boson, also called the 
W (for weak) particle. In order to 
mediate decays in which charge is 
changed, the W boson would need to 
carry electric charge. The range of a 
force is inversely proportional to the 
mass of the particle that transmits it; 
because the photon is massless, the 
electromagnetic interaction can act 
over. infinite distances. The very short 
range of the weak force suggests an 
extremely massive boson. 

A number of apparent connections 
between electromagnetism and the 
weak interaction, including the fact 
that the mediating particle of weak in
teractions is electrically charged, en
couraged some workers to propose a 
synthesis. One immediate result of the 
proposal that the two interactions are 
only different manifestations of a sin
gle underlying phenomenon was an es
timate for the mass of the W boson. 
The proposed unification implied that 
at very short distances and therefore 

at very high energies the weak force 
is equal to the electromagnetic force. 
Its apparent weakness in experiments 
done at lower energies merely reflects 
its short range. Therefore the whole of 
the difference in the apparent strengths 
of the two interactions must be due to 
the mass of the W boson. Under that 
assumption the Wboson's mass can be 
estimated at about 100  times the mass 
of the proton. 

To advance from the notion of a 
synthesis to a viable theory unifying 
the weak and the electromagnetic in
teractions has required half a century 
of experiments and theoretical insight, 
culminating in the work for which 
Sheldon Lee Glashow and Steven 
Weinberg, then at Harvard University, 
and Abdus Salam of the Imperial Col
lege of Science and Technology in 
London and the International Center 
for Theoretical Physics in Trieste won 
the 1 97 9  Nobel prize in physics. Like 
QED itself, the unified, or electro-
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weak, theory is a gauge theory derived 
from a symmetry principle, one that is 
manifested in the family groupings of 
quarks and leptons. 

Not one but three intermediate bos
ons, along with the photon, serve as 
force particles in electro weak theory. 
They are the positively charged W+ 
and negatively charged W- bosons, 
which respectively mediate the ex
change of positive and negative charge 
in weak interactions, and the ZO parti
cle, which mediates a class of weak in
teractions known as neutral current 
processes. Neutral current processes 
such as the elastic scattering of a neu
trino from a proton, a weak interac
tion in which no charge is exchanged, 
were predicted by the electroweak the
ory and first observed at CERN in 
1 97 3 .  They represent a further point 
of convergence between electromag
netism and the weak interaction in 
that electromagnetic interactions do 
not change the charge of participating 
particles either. 

To account for the fact that the elec
tromagnetic and weak interactions, al-

though they are intimately related, 
take different guises, the electroweak 
theory holds that the symmetry uniting 
them is apparent only at high energies. 
At lower energies it is concealed. An 
analogy can be drawn to the magnetic 
behavior of iron. When iron is warm, 
its molecules, which can be regarded 
as a set of infinitesimal magnets, are 
in hectic thermal motion and there
fore randomly oriented. Viewed in the 
large the magnetic behavior of the iron 
is the same from all directions, reflect
ing the rotational symmetry of the 
laws of electromagnetism. When the 
iron cools below a critical tempera
ture, however, its molecules line up in 
an arbitrary direction, leaving the met
al magnetized along one axis. The 
symmetry of the underlying laws is 
now concealed. 

The principal actor in the breaking 
of the symmetry that unites electro
magnetism and the weak interaction at 
high energies is a postulated particle 
called the Higgs boson. It is through 
interactions with the Higgs boson that 
the symmetry-hiding masses of the in-

NEUTRINO � WBOSONS 
NEUTRINO 

ELECTRON ELECTRON 

�l 
y 

----------

d ANTI QUARK 3 GLUDNS 

d ANTIQUARK 
Y 

d ANTIQUARK d ANTI QUARK 
Y 

d ANTIQUARK d ANTIQUARK 
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equivalent within a theory can metamorphose into one another. Because leptons, such as 
the electron and the neutrino, respond to the electro weak force alone whereas quarks also 
respond to the strong force, the two kinds of particle are not equivalent in current theory, 
and transformations of one into the other have not been observed (left). If the simplest uni
fied theories are correct and the fundamental forces are ultimately identical, then at some 
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DECA Y OF THE PROTON is a possible consequence of transformations of quarks into 
leptons, a phenomenon unified theories would allow. The diagram shows one of several pro
posed decay routes. The proton's constituent II quarks combine to form an X particle, which 
disintegrates into a d antiquark and a positron (a lepton). The d anti quark combines with 
the remaining quark of the proton, a d quark, to form a neutral pion. Because pions are 
composed of matter and antimatter, they are short-lived; the mutual annihilation of their 
constituents will release energy in the form of two photons. The positron is also ephemeral: 
an encounter with a stray electron, its antiparticle, will convert it into energy as well. 
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termediate bosons are generated. The 
Higgs boson is also held to be responsi
ble for the fact that quarks and leptons 
within the same family have differ
ent masses. At very high energies all 
quarks and leptons are thought to be 
massless; at lower energies interac
tions with the Higgs particle confer on 
the quarks and leptons their varying 
masses. Because the Higgs boson is 
elusive and may be far more massive 
than the intermediate bosons them
selves, experimental energies much 
higher than those of current accelera
tors probably will be needed to pro
duce it. 

The three intermediate bosons re
q uired by the electro weak theory, 
however, have been observed. Ener
gies high enough to produce such mas
sive particles are best obtained in 
head-on collisions of protons and anti
protons. In one out of about five mil
lion collisions a quark from the proton 
and an antiq uark from the antiproton 
fuse, yielding an intermediate boson. 
The boson disintegrates less than 1 0-24 
second after its formation. Its brief ex
istence, however, can be detected from 
its decay products. 

In a triumph of accelerator art, ex
perimental techniq ue and theoretica I 
reasoning, international teams at CERN 
led by Carlo Rubbia of Harvard and 
Pierre Darriulat· devised experiments 
that in 1 9 83  detected the W bosons 
and the ZO particle. An elaborate de
tector identified and recorded in the 
debris of violent proton-antiproton 
collisions single electrons whose tra
jectory matched the one expected in a 
W- particle's decay; the detector also 
recorded electrons and positrons trav
eling in precisely opposite directions, 
unmistakable evidence of the ZO par
ticle. For their part in the experiments 
and in the design and construction of 
the proton-antiproton collider and the 
detector Rubbia and Simon van der 
Meer of CERN were awarded the 1 9 84 
Nobel prize in physics. 

Unification 

With QCD and the electro weak the
ory in hand, what remains to be under
stood? If both theories are correct, can 
they also be complete? Many observa
tions are explained only in part, if at 
all, by the separate theories of the 
strong and the electroweak interac
tions. Some of them seem to invite a 
further unification of the strong, weak 
and electromagnetic interactions. 

Among the hints of deeper patterns 
is the striking resemblance of quarks 
and leptons. Particles in both groups 
are structureless at current experimen
tal resolution. Quarks possess color 
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charges whereas leptons do not, but 
both carry a half unit of spin and take 
part in electromagnetic and weak in
teractions. Moreover, the electroweak 
theory itself suggests a relation be
tween quarks and leptons. Unless each 
of the three lepton families (the elec
tron and its neutrino, for example) can 
be linked with the corresponding fami
ly of quarks (the u and d quarks, in 
their three colors ) the electroweak the
ory will be beset with mathematical 
inconsistencies. 

What is known about the fundamen
tal forces also points to a unification. 
All three can be described by gauge 
theories, which are similar in their 
mathematical structure. Moreover, 
the strengths of the three forces appear 
likely to converge at very short dis
tances, a phenomenon that would be 
apparent only at extremely large ener
gies. We have seen that the electro
magnetic charge grows strong at short 
distances, whereas the strong, or col 
or, charge becomes increasingly fee
ble. Might all the interactions become 
comparable at some gigantic energy? 

If the interactions are fundamental
ly the same, the distinction between 
quarks, which respond to the strong 
force, and leptons, which do not, be
gins to dissolve. In the simplest exam
ple of a unified theory, put forward by 
Glashow and Howard Georgi of Har
vard in 1 974, each matched set of 
quarks and leptons gives rise to an ex
tended family containing all the vari
ous states of charge and spin of each 
of the particles. 

Th.e mathematical consistency of 
the proposed organization of matter is 
impressive. Moreover, regularities in 
the scheme require that electric charge 
be apportioned among elementary 
particles in mUltiples of exactly 1 / 3 ,  
thereby accounting for the electrical 
neutrality of stable matter. The atom 
is neutral only because when quarks 
are grouped in threes, as they are in 
the nucleus, their individ ual charges 
combine to give a charge that is a 
precise integer, eq ual and opposite to 
the charge of an integral number of 
electrons. If quarks were unrelated to 
leptons, the precise relation of their 
electric charges could only be a re
markable coincidence. 

In such a unification only one gauge 
theory is req uired to describe all the 
interactions of matter. In a gauge theo
ry each particle in a set can be trans
formed into any other particle. Trans
formations of quarks into other quarks 
and of leptons into other leptons, me
diated by gluons and intermediate bos
ons, are familiar. A unified theory 
suggests that quarks can change into 
leptons and vice versa. As in any gauge 
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small scales of distance, is expected in unified theories. The graph gives an inverse measure 
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whereas that of electromagnetism increases. The simplest unified theory predicts that the 
fundamental identity of the three forces is revealed in interactions taking place at an ener
gy of more than 10 15 GeV, which corresponds to a distance of less than 10 -29 centimeter. 

theory, such an interaction would be 
mediated by a force particle: a postu·· 
lated X or Y boson. Like other gauge 
theories, the unified theory describes 
the variation over distance of interac
tion strengths. According to the sim· 
plest of the unified theories, the sepa
rate strong and electroweak interac
tions converge and become a single 
interaction at a distance of 1 0 - 29 cen·· 
timeter, corresponding to an energy 
of 1 0 24 electron volts. 

Such an energy is far higher than 
may ever be attained in an accelerator, 
but certain consequences of unifica
tion might be apparent even in the low
energy world we inhabit. The supposi
tion that transformations can cross the 
boundary between quarks and leptons 
implies that matter, much of whose 
mass consists of quarks, can decay. If, 
for example, the two u quarks in a pro
ton were to approach each other closer 
than 1 0 -29 centimeter, they might 
combine to form an X boson, which 
would disintegrate into a positron and 
a d antiquark. The antiquark would 
then combine with the one remaining 
quark of the proton, a d  quark, to form 
a neutral pion, which itself would 
quickly decay into �wo photons. In 
the course of the process much of 
the proton's mass would be convert
ed into energy. 

The observation of proton decay 
would lend considerable support to a 
unified theory. It would also have in
teresting cosmological consequences. 
The universe contains far more matter 
than it does antimatter. Since matter 

and antimatter are equivalent in · al
most every respect, it is appealing to 
speculate that the universe was formed 
with equal amounts of both. If the 
number of baryons-three-quark par
ticles such as the proton and the neu
tron, which constitute the bulk of ordi
nary matter-can change, as the decay 
of the proton would imply, then the 
current excess of matter need not rep
resent the initial state of the universe. 
Originally matter and antimatter may 
indeed have been present in equal 
quantities, but during the first instants 
after the big bang, while the universe 
remained in a state of extremely high 
energy, processes that alter baryon 
number may have upset the balance. 

A number of experiments have been 
mounted to search for proton decay. 
The large unification energy implies 
that the mean lifetime of the proton 
must be extraordinarily long- 1 0 30 
years or more. To have a reasonable 
chance of observing a single decay it is 
necessary to monitor an extremely 
large number of protons; a key fea
ture of proton-decay experiments has 
therefore been large scale. The most 
ambitious experiment mounted to date 
is an instrumented tank of purified wa
ter 2 1  meters on a side in the Morton 
salt mine near Cleveland. During al
most three years of monitoring none of 
the water's more than 1 033 protons has 
been observed to decay, suggesting 
that the proton's lifetime is even longer 
than the simplest unified theory pre
dicts. In some rival theories, however, 
the lifetime of the proton is considera-
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bly longer, and there are other theories 
in which protons decay in ways that 
would be difficult to detect in exist
ing experiments. Furthermore, results 
from other experiments hint that pro
tons can indeed decay. 

Open Questions 

Besides pointing the way to a possi
ble unification the standard model, 
consisting of QCD and the electro
weak theory, has suggested numerous 
sharp questions for present and future 
accelerators. Among the many goals 
for current facilities is an effort to 
test the predictions of QCD in great
er detail .  Over the next decade acceler
ators with the higher energies needed 
to produce the massive Wand ZO bos
ons in adequate numbers will also add 
detail to electroweak theory. It would 
be presumptuous to say these investi
gations will turn up no surprises. The 
consistency and experimental succes
ses of the standard model at famil
iar energies strongly suggest, however, 
that to resolve fundamental issues we 
need to take a large step up in interac
t ion energy from the several hundred 
GeV (bill ion electron volts) attainable 
in the most powerful accelerators now 
being built .  

Although the standard model is re
markably free of inconsistencies, it is 
incomplete; one is left hungry for fur
ther explanation. The model does not 
account for the pattern of quark and 
lepton masses or for the fact that al
though weak transitions usually ob
serve family lines, they occasionally 
cross them. The family pattern itself 
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remains to be explained. Why should 
there be three matched sets of quarks 
and leptons? Might there be more? 

Twenty or more parameters, con
stants not accounted for by theory, are 
req uired to specify the standard model 
completely. These include the cou
pling strengths of the strong, weak and 
electromagnetic interactions, the mas
ses of the quarks and leptons, and pa
rameters specifying the interactions of 
the Higgs boson. Furthermore, the ap
parently fundamental constituents and 
force part icles number at least 3 4: 1 5  
quarks (five flavors, each in three col
ors), six leptons, the photon, eight glu
ons, three intermediate bosons and the 
postulated Higgs boson. By the criteri
on of simplicity the standard model 
does not seem to represent progress 
over the ancient view of matter as 
made up of earth, air, fire and wa
ter, interacting through love and str ife. 
Encouraged by histor ical precedent, 
many physicists account for the diver
sity by proposing that these seemingly 
fundamental particles are made up 
of still smaller particles in varying 
combinations. 

There are two other crucial points at 
which the standard model seems to fal
ter . Neither the separate theories of the 
strong and the electroweak interac
tions nor the conjectured unification of 
the two takes any account of gravity. 
Whether gravity can be described in a 
quantum theory and unified with the 
other fundamental forces remains an 
open question. Another basic deficien
cy of the standard model concerns the 
Higgs boson. The electroweak theory 
requires that the Higgs boson exist 

but does not specify precisely how the 
particle must interact with other parti
cles or even what its mass must be, 
except in the broadest terms. 

The Superconducting Supercollider 

What energy must we reach, and 
what new instruments do we need, to 
shed light on such fundamental prob
lems? The questions surrounding the 
Higgs boson, although they are by no 
means the only challenges we face, are 
particularly well defined, and their an
swers will bear on the entire strategy of 
unification. They set a useful target for 
the next generation of machines. 

It has been proposed that the Higgs 
boson is not an elementary particle at 
all but rather a composite object made 
up of elementary constituents analo
gous to quarks and leptons but subject 
to a new kind of strong interaction, of
ten called technicolor, which would 
confine them within about 1 0  - [7 centi
meter . The phenomena that would re
veal such an interaction would become 
apparent at energies of about 1 TeV 
(trillion electron volts). A second ap
proach to the question of the Higgs 
boson's mass and behavior employs a 
postulated principle known as super
symmetry, which relates particles that 
differ in spin. Supersymmetry entails 
the existence of an entirely new set of 
elusive, extremely massive particles. 
The new particles would correspond 
to known quarks, leptons and bosons 
but would differ in their spins. Be
cause of their mass, such particles 
would reveal themselves fully only 
in interactions taking place at very 

BEAM 
PIPES 

PROPOSED ACCELERATOR, the Super
conducting Supercollider, will make it possi
ble to study interactions at energies of more 
than 1 TeV. In the design depicted (one of 
many) the accelerator ring has a diameter 
of 30 kilometers and is buried 100 meters 
underground;  smaller rings feed protons into 
the large ring. A cross section of the main 
tunnel (above) shows the two pipes, each 
about five centimeters in diameter, which 
will contain the counterrotating beams of 
protons. Superconducting magnets super
cooled with liquid helium to increase their 
power and efficiency surround each of the 
pipes, focusing and con fining the beams. 
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high energy, probably about I TeV.  
. Our best hope for producing interac
tions of fundamental particles at ener
gies of 1 TeV is an accelerator known 
as the Superconducting Supercollider 
(SSC).  Formally recommended to the 
Department of Energy in 1 9 83  by the 
High Energy Physics Advisory Panel, 
it would incorporate proved technolo
gy on an unprecedented scale. A num
ber of designs have been put forward, 
but all envision a proton-proton or 
proton-antiproton collider. High-ener
gy beams of protons are prod uced 
more readily with current technology 
than beams of electrons and positrons, 
although electron-positron coll isions 
are generally simpler to analyze; be
cause protons are composite particles, 
their collisions yield a larger variety 
of interactions than collisions of elec
trons and positrons. Another common 
feature of the designs is the use of 
superconducting magnets, first em
ployed on a large scale in the Tevatron 
Coll ider at the Fermi National Accel
erator Laboratory ( Fermilab) in Bata
via, Ill. The technology increases the 
field strength and lowers the power 
consumption of the magnets that bend 
and confine the beam. 

One of the more compact designs 
incorporates niobium-titanium alloy 
magnets cooled to 4 .4  degrees Celsius 
above absolute zero. If the magnets 
generated fields of five tesla ( l 00,000 
times the strength of the earth's mag
netic field) ,  two counterrotating beams 
of protons accelerated to energies of 
20 TeV (needed to produce I -TeV in
teractions of the quarks and gluons 
within the protons) could be confined 
within a loop about 3 0  kilometers in 
diameter. In other designs magnetic 
fields are lower and the proposed fa
cility is correspondingly larger. 

It is believed such a device could be 
operational in 1 994, at a cost of $ 3  
bill ion. The Department of Energy has 
encouraged the establishment of a 
Central Design Group to formulate a 
specific construction proposal within 
three years and is currently funding 
the development of magnets for the 
SSC at several laboratories. 

The SSC represents basic research at 
unprecedented cost on an unmatched 
scale. Yet the rewards will be propor
tionate. The advances of the past dec
ade have brought us tantalizingly close 
to a profound new understanding of 
the fundamental constituents of nature 
and their interactions. Current theory 
suggests that the frontier of our igno
rance falls at energies of about 1 TeY. 
Whatever clues about the unification 
of the forces of nature and the constit
uents of matter wait beyond that fron
tier, the SSC is likely to reveal them. 
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Compartmentalization 
of Decay in Trees 

Animals heal, but trees compartmentalize. They endure 

a lifetime of injury and infection by setting boundaries 

that resist the spread of the in vading microorganisms 

T
rees have a spectacular survival 
record. Over a period of more 
than 400 million years they have 

evolved as the tallest, most massive 
and longest-lived organisms ever to in
habit the earth. Yet trees lack a means 
of defense that almost every animal 
has: trees cannot move away from 
destructive forces. Because they can
not move, all types of living and non
living enemies-fire, storms, microor
ganisms, insects, other animals and lat
er man-have wounded them through
out their history. Trees have survived 
because their evolution has made them 
into highly compartmented organ
isms; that is, they wall off injured and 
infected wood. 

In that respect trees are radically dif
ferent from animals. Fundamentally, 
animals heal: they preserve their life 
by making billions of repairs, install
ing new cells or rejuvenated cells in 
the positions of old ones. Trees cannot 
heal; they make no repairs. Instead 
they defend themselves from the con
seq uences of injury and infection by 
walling off the damage. In a word, they 
compartmentalize. At the same time 
they put new cells in new positions; in 
effect, they grow a new tree over the 
old one every year. The most obvious 
results of the process are growth rings, 
which are visible on the cross section 
of a trunk, a root or a branch. 

The defenses wielded by trees sug
gest a new view of tree biology, one in 
which the role of tree pathology is giv
en full recognition. Trees have been 
guided through evolution by their need 
to defend against attack while standing 
their ground. 

To understand disease and decay in 
trees it is essential to understand nor
mal tree function and growth. Trees, 
together with grasses and algae, are 
the earth's major energy trappers. In 
particular, forests, which cover about 
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a tenth of the planet's surface, trap 
about half of all the energy entering 
the biosphere. The energy, which en
ters as solar radiation, serves to trans
form carbon dioxide and water into 
carbohydrates, the chemical form in 
which energy is stored. In turn the 
carbohydrates power growth, mainte
nance, reprod uction and defense. 

Trees themselves-that is, the coni
fers and the hardwoods (angio

sperms and gymnosperms)-are pe
rennial, woody, compartmented, shed
ding plants. In addition most trees are 
long-lived, massive and tall. Their in
ternal structure follows a characteris
tic pattern. The generation of new cells 
in the tree is the function of the vascu
lar cambium, a thin cylindrical layer 
found in the trunk, the roots and the 
branches. In the outer direction the 
cambium lays down phl{)em, or inner 
bark, the layer that transports liquids 
downward in the tree. (Specifically, it 
carries substances produced by photo
synthesis in the leaves.) In the inward 
direction the cambium lays down con
centric layers of xylem, or wood, 
which transports water and water-sol
uble substances upward. 

The inward cell production is worth 
a close examination. On a broad scale 
the cambium lays down one inward 
layer per year; these are the annual 

growth rings, prominent on a cross sec
tion of the tree. (In tropical trees, how
ever, growth rings are indistinct.) 
Viewed on a finer scale the cambium 
forms two basic types of cells: those 
with their long axis perpendicular to 
the axis of the trunk, a root or a branch 
and those with their long axis parallel 
to the axis of trunk, root or branch. 
The perpendicular cells become ray 
parenchyma, which form radial parti
tions in the wood. Meanwhile the lon
gitudinal cells fill the compartments 
between the rays. 

The longitudinal cells are of three 
varieties. In some the living contents 
die in a few days or weeks, leaving only 
a tubular cell wall. In hardwoods such 
cells are called vessels; in conifers they 
are called tracheids. They serve to 
transport liq uids. In others the cell wall 
is thick. Such cells, called fiber cells 
or fiber tracheids, provide mechanical 
support to the wood. Finally, the cells 
called parenchyma retain their living 
contents behind a thin cell wall. (In 
contrast, vessels and tracheids have a 
hollow interior under a thick cell wall.) 
Parenchymal cells store nutrients and 
other materials. In them the cytoplasm 
can remain living for years, indeed 
sometimes for more than a century. 
The complex interlocking of the vari
ous cells in wood combines with the 
tough cell walls themselves to give 

A TREE'S DEFENSES against injury and infection produced the pattern on this cross sec
tion of the trunk of a red oak. Nine years before th.e section was made the tree was wounded 
by buckshot. Microorganisms that established themselves in the wound caused the wood 
there to decay, making it whiter than elsewhere. In response the tree mounted a chemical 
defense: the dark boundary of discolored wood surrounding the decay indicates the produc
tion of antimicrobial substances. The dark line curving over the wounded wood is a further 
defense: the cambium, or growth layer, alive at the sides of the wound produced a cellular 
wall protecting the wood that formed after the time of the injury. The pattern of growth 
rings outside the wound reveals the subsequent history of the tree. After five years the 
wound closed, and after that four more growth rings formed. The tree was sectioned by the 
author and photographed by Kenneth R. Dudzik of the U.S. Forest Service in Durham, N.H. 
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wood tissue its strength. The interlock
ing design continues into the molecu
lar construction of the cell walls, and 
even into the individual cell-wall mol
ecules: cellulose and lignin. 

At any given time in the life of the 
tree the more recent layers of wood, 

' J!! NEEDLES 

BRANCHES 

CONES 

the ones in which the parenchyma still 
retain their living contents, form the 
tree's sapwood. In many trees the older 
layers, nearer the axis of the tree, form 
a district called heartwood, which of
ten is darker in color. Some of the 
darkness is due to the deposition of 

substances known collectively as ex
tractives. Heartwood has a high de
gree of mechanical self-support; thus 
it continues to serve the tree. On the 
other hand, heartwood has no capac
ity to store nutrients and transport 
substances. 

FLOWERS NUTS 

ABSORBING ROOTS 

SUPPORTING ROOTS 

COMPARTMENTS OF A TREE enable it to resist the spread of 
infection after an injury; they also enable it to wall off parts of it
self when the parts reach a genetically programmed stage of senes
cence. At the left a composite tree is shown. The left side of the com-

posite is a loblolly pine, typical of conifers; the right side is a sugar 
maple, typical of hardwoods. Certain compartments, shown in the 
drawing, are shed when their function is completed. At the upper 

right the tr.unk of the pine appears in cross section, revealing more 
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The study of tree anatomy suggests a 
. number of ways in which trees can be 
viewed conceptually. First, trees are 
tissue generators. In essence the germi
nation of a seed is the activation of a 
cell generator. It has the capacity to 
proliferate cells, but always in new 10-

RAY PARENCHYMAL CELL 

cations; the tree has no capacity to re
store or regenerate tissues already in 
place. The generator is the cambium. 
Second, wood is a highly ordered ar
rangement of different types of cells in 
different stages of aging. Third, a tree 
is a hierarchy of compartments. With-

HEARTWOOD 

AnOIA/,n"",.., CELL 

compartments. The cambium generates phloem, or inner bark, and xylem, or wood. The lat

ter is compartmented by annual rings; in turn the rings are compartmented by partitions 
called parenchymal rays. At the lower right is a wood compartment. It includes paren
chyma, or energy-storing cells; tracheids, or cellular tubes, and thick-walled latewood cells. 

in the trunk, the roots and the branches 
the largest compartments are the an
nual rings. Then come groups of cells 
in each ring, compartmented by rays, 
and next the individual cells. 

The study of how trees respond to 
injury or infection suggests a further 
concept. Trees respond by compart
mentalizing: they attempt to wall off 
the injured or infected region. They 
neither kill nor arrest the activity of 
microorganisms in the compartments 
that get walled off. Nor do they re
spond in specific ways to specific mi
croorganisms; the compartmentaliza
tion comes in response to the fact of 
the injury. 

Broadly speaking, the tree makes 
three responses to injury and infection. 
In the first of them the boundaries 
of compartments already in place are 
strengthened to resist the spread of 
destruction. For the most part the 
strengthening is achieved by chemical 
means. In sapwood the metabolism of 
the living parenchymal cells changes 
in ways that alter the contents of the 
cells. In heartwood enzymatic reac
tions take place in the otherwise non
living tissue. 

The details are poorly understood. 
Still, under normal circumstances the 
cells in wood devote their biochemical 
pathways to the storage of chemical 
energy in the form of carbohydrates. 
Usually the molecules are in a reduced 
form: their content of electrons is rela
tively great. After injury to the wood 
the biochemical activity in the cells 
surrounding the injury is shunted into 
new metabolic paths, so that mole
cules tend to be oxidized; that is, pro
tons, or hydrogen ions, are attached. 
On a broad scale the cellular contents 
undergo a chemical process much like 
the tanning of leather. Thus molecules 
such as gallic acid and tannic acid ap
pear. They share the property of being 
rich in phenol (six-carbon rings bear
ing hydroxyl, or OH, groups). The phe
nols occupy the interior of the cells; 
they also impregnate the cell walls. 
The phenols discolor the wood in 
shades of red, green or blue, depend
ing on the details of the chemical 
pathways, which are determined by 
the genetics of a given species of 
tree. More important to the tree's de
fenses, phenol compounds tend to be 
antimicrobial. 

In the second response the tree makes 
to injury and infection the tree cre

ates a new wall by anatomical and 
chemical means. First the cambium 
changes the pattern by which it gener
ates new cells. In the wake of the injury 
few pipeline cells are produced. Fiber 
cells too are made in lessened quantity. 
On the other hand, parenchyma, or 
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NEW GQnIMT·w-.IUJI. 

BARRIER ZONE CAMBIUM 

RESPONSES TO A WOUND take two forms: the strengthening 
of existing compartments and the creation of a wall to protect the 
cambium. The sectioned maple trunk at the left includes an infected 
wound. A succession of microorganisms (greeu) has become estab
lished in the sapwood (the layers of living wood under the cambium), 
and at the center of the infection the wood has decayed (brown). At 
the margins of the infection parenchymal cells are producing anti-
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microbial substances (red), so that the walls already present in the 
tree are being strengthened against the infection. In addition cellu
lar tubes above and below the infection are being plugged. (In some 
trees the ballooning of parenchymal cells constricts the tubes.) The 
trunk at the right shows the tree in a subsequent growing season. 
The wall created by the cambium has protected new growth. Mean
while the in.ternal defenses have compartmentalized the infection. 
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cells that retain their living contents, 
'are made in increased quantity. Now, 
however, they are smaller, and their 
metabolic activity is altered so that 
their chemical contents resist micro
organisms. The new wall, or barrier 
zone, is the cause of many of the de
fects found in wood products. For ex
ample, it can cause the wood in a living 
tree to separate along a circle. The de
fect is known as ring shake. 

The third response the tree makes is 
to continue growing. Trees survive af
ter injury and infection if they have 
enough time, energy and genetic ca
pacity to recognize and compartmen
talize the injured and infected tissue 
while generating the new tissue that 
will maintain the life of the tree. To an 
extent, therefore, an injured or infect
ed tree resembles a heavily compart
mented ship or an old type of subma
rine under attack. When the ship is hit 
by a torpedo, the crew rushes to seal 
off the damaged area. The faster the 
action of the crew and the stronger 
the walls circumscribing the damaged 
compartment, the smaller the spread 
of damage. But after the damage is 
contained the damaged compartment 
or compartments are no longer acces
sible. At this point the analogy ends. 
The tree survives by growing what 
amounts to a new tree (with a new set 
of compartments) over itself during 
the next growing season. 

It must be said that the tree's reac
tion zones (its chemically strengthened 
boundaries) are not absolute: they 
may retreat, rapidly or slowly, from 
the infection, as certain microorgan
isms overcome the chemical defense. 
It should also be said that phenols are 
poisonous not only to microorganisms 
but also to the tree. In effect, the tree 
poisons part of itself in an attempt to 
stall an invasion. The tree survives be-' 
cause while it is strengthening barriers 
it is also creating a new tree. 

Remarkably, the capacity of a tree 
to shed parts of itself is much like the 
response the tree makes to injury and 
infection. That is, the shedding is an 
aspect of compartmentalization. In 
particular, needles, leaves, reproduc
tive structures and absorbing roots 
that have fulfilled their genetic pro
gram are walled off from the tree. (Ab
sorbing roots are the fine, nonwoody 
roots that absorb substances from the 
soil.) Twigs, branches and large roots 
may also be walled off, say in the wake 
of an injury or an infection, or after the 
twig, branch or root has reached a par
ticular stage of senescence. (It is hard 
to know just what stage; the genetic 
programming of aging in trees is poor
ly understood.) The foregoing requires 
a qualification: trees do not actively 
cast off parts of themselves. Wind, 

snow, ice, animals and other agents 
cause the walled-off parts to fall away 
from the tree. Meanwhile walled-off 
absorbing roots are digested by soil 
microorganisms. 

I turn now to the other side of the 
strife between the tree and its ene

mies. I shall begin with the wounding 
of a tree, say by an animal. The wound 
provides new space and nutrients for 
an array of invading organisms in
cluding insects, nematodes, bacteria 
and fungi. While they compete among 
themselves for the new space and nu
trients, the living cells in the sapwood 
underlying the wound are reacting to 
the invasion by undergoing a variety 
of biochemical changes leading to the 
production of phenol-based chemical 
defenses. 

Microorganisms attack tr'ee wounds 
in several ways. Certain bacteria and 
fungi infect inner bark and stay there, 
creating the diseases known as annual 
cankers. Other microorganisms invade 
wounds and remain in the wounded 
sapwood tissue, creating so-called 
wound rots. Still other microorgan
isms infect inner bark, become estab
lished and then infect wood. By the 
annual repetition of the process they 
create perennial cankers. Finally, 
some microorganisms attack a wound, 
first infecting sapwood and then infect
ing inner bark. Again the process re
peats itself each growing season. These 
are the so-called canker-rot fungi. 
They are notably insidious. When the 
canker rot has progressed from wood 
to bark, it forms a hard pad of materi
al, similar to a wedge, that kills the 
subjacent cambium. The tree responds 
by reactivating its compartmentalizing 
defenses. The fungus in turn invades 
the new wound, from which it grows 
another wedge. The seesaw activity 
can continue until the tree is girdled. 

The first microorganisms to succeed 
in invading the tree are termed pio
neers. They may simply be able to tol
erate the chemical alterations brought 
on in the wood by the wounding of the 
tree. In some cases, however, their ge
netic makeup renders them capable of 
digesting the chemical defenses. Typi
cally, but not always, the pioneers are 
bacteria, along with certain species of 
fungi. Notable among the latter are the 
Hymenomycetes, which cause decay 
in trees, and the Fungi Imperfecti and 
Ascomycetes, which for the most part 
do not themselves cause decay. 

A crucial point about the infection is 
that microorganisms establish them
selves in a particular sequence. When 
the pioneer microorganisms surmount 
the inhibitory chemicals, they pave 
the way for other invaders, ones that 
would have succumbed to the tree's 

defenses. Thus the invasion takes the 
form of a succession of organisms, in a 
pattern essential for the survival of the 
invaders. To be sure, no microorgan
ism "eats poison" to help its succes
sors. Each organism acts in a way that 
furthers its retention of space and en
ergy. Hence some of the pioneers may 
actually create or preserve conditions 
that inhibit infection by aggressive 
wood-decaying fungi. Such pioneers 
may ultimately be the basis for the bio
logical control of decay in trees. Stud
ies of certain fungi, such as species 
of Trichoderma. already show that the 
fungi thrive in wound-altered sapwood 
but do not detoxify the chemicals that 
keep out decay-causing fungi. 

Suppose a succession of invading 
microorganisms is successful at digest
ing the wound-altered sapwood. Their 
success does not necessarily doom the 
tree. For one thing, the tree is generat
ing new cells around the old ones. If 
the tree can generate new cells faster 
than old ones are being digested, the 
tree has a good chance of survival. The 
death of a tree, if it happens, can be 
mechanical or biological. The tree will 
die if the trunk breaks. Alternatively, it 
will die if the cambium-the cell gener
ator-is killed. Further still, it will die 
if so much of the tree's tissue has been 
walled off during a lifetime of defense 
against injury and infection that the re
maining compartments are insufficient 
to store the tree's energy reserves. 

The new understanding of trees as 
compartmentalizing organisms did 

not arise at once. Indeed, it came as a 
contradiction of earlier notions, some 
of which were developed soon after 
the underpinnings of modern biolo
gy were established a century ago. It 
seems a trite thing to say, but trees 
are fundamentally different from ani
mals, and much of the failure to under
stand trees derives from unconsciously 
confusing the two. 

Before 1845 the preferred explana
tion of life was that it originates spon
taneously (that is, by spontaneous 
generation) from inorganic material. 
Much was known about microorgan
isms; in particular the association of 
decayed wood and fungi had been rec
ognized. The idea, however, was that 
decay gives rise to the fungi. In the 
wake of Heinrich Anton De Bary, 
Louis Pasteur and the development of 
the germ theory, which attributes dis
ease to minute, harmful organisms, the 
German tree pathologist Robert Har
tig reversed the idea by proposing that 
fungi give rise to decay. Hartig showed 
that the sporophores, or fruiting bod
ies, found in tree wounds and the my
celia, or strandlike organisms, found in 
decayed wood represent different life 
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stages of the same fungal organism. 
The observation, and the reversal of 
the hypothesis, set the stage for the sci
ence of tree pathology. 

Subsequent studies of decay were 
made by investigators interested pri
marily in the deterioration of lumber. 
Accordingly the studies relied on the 
removal of wood from trees, followed 
by laboratory investigation of changes 
in the tissue. The studies centered on 
heartwood, or in any case wood darker 
than sapwood. The strategy underly
ing the studies was justified on the 
ground that the heartwood in a tree is 
dead, unresponsive tissue. To a degree 
the studies succeeded: chemists and 
pathologists came to understand how 
fungi (in particular their enzymes) di
gest wood. Still, the processes in the 

a 
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BRANCH 

CORE 

PITH 

living tree were not considered. Al
though heartwood is dead by animal 
standards, it is reactive to injury and 
infection. Some texts still state that de
cay in trees cannot be considered a dis
ease because only dead heartwood gets 
infected. Decay in trees is in fact the 
major disease of all trees worldwide. 

Early investigators were not able, 
therefore, to recognize the defenses ac
tivated by injury and infection, which 
alter wood when the tree is wounded. 
In a living tree most wounds do not 
produce decay because the microor
ganisms infecting the wound are faced 
by wood that has changed. In contrast, 
the decay-prod ucing fungi attacking 
lumber face no countering force from 
the wood. The microorganisms simply 
compete among themselves. 

b 

d 

BARRIER 

ZONE 

IMPROPER 

CUT 

DEATH OF A BRANCH follows a course much like the reaction of the tree to injury or 
infection. The living branch (a) is separated from the trunk by an external feature called 
the branch-bark ridge and an inner partition of compacted xylem along the angle of the 
ridge. The swollen base of the branch is called the collar. As the branch dies (h) it is invaded 
by decay-producing microorganisms. The tree marshals chemical defenses in a protection 
zone in the collar. The sequence is essential for the shedding of the branch. In most cases 
the decay stops at the collar. Sometimes, however, the decay invades the rest of the core of 
the branch (c). If the dead branch is pruned improperly (d), so that the cut is through the col
lar, the protective zone is removed and the sapwood in the trunk is opened to an invasion. 

1m 

The crucial technology that enabled 
investigators to develop a new under
standing of decay in trees was the 
chainsaw. By the 1940's the device was 
powerful enough so that an individual 
operating it in a forest could easily cut 
longitudinal sections through trees, ex
posing columns of discolored and de
caying wood under the growth rings 
the tree had developed after the injury. 
Before 1940 trees had been dissected, 
but most of the cuts had been cross
cuts. Only a few hardy investigators, 
such as the pathologist George H. 
Hepting, working in the Mississippi 
Delta in the 1930's, proceeded other
wise. Hepting, using crosscut saws and 
axes, was able to see what others saw 
later: that throughout long stretches 
of trees the wood generated after a 
wound was not invaded by the fungi 
infecting the wound itself. 

In the 1960's and 1970's I myself 
had the opportunity to disect thou

sands of trees, first in the northeastern 
U.S. and then in Europe, India, Puerto 
Rico and Australia. I was impressed 
on the one hand by the orderly pat
terns of discoloration and on the oth
er hand by the orderly succession of 
the invading microorganisms. My col
leagues and I then made experiments 
in living trees. Still later, biochemical 
studies were undertaken by Walter C. 
Shortie, my colleague at the Forest 
Service of the U.S. Department of Ag
riculture in Durham, N.H. 

In an effort to define a commonality 
among the responses a tree makes to 
injury and infection and account for 
the patterns of decay and discoloration 
in wounded trees, my colleagues and I 
have devised a model we call CODIT (an 
acronym for Compartmentalization of 

. Decay in Trees). The first part of the 
model represents the responses the tree 
makes at the time of the injury. In es
sence the tree strengthens walls that 
are already in place in the wood, at 
least in large part. Wall 1 resists the 
vertical spread of infected wood, wall 
2 the inward spread and wall 3 the 
lateral spread. The second part of the 
model represents a response the tree 
makes later. In essence the tree raises 
a wall not in place at the time of the 
injury: the cambium generates wall 
4, which separates the infected wood 
from newly forming, healthy wood. 

Wall 1 does not really exist as an 
anatomical entity before the infection. 
It is primarily a plugging wall, which 
resists the vertical spread of infection 
by anatomical and chemical means. 
The tree has vertical plumbing, con
sisting, as I have noted, of vessels in 
hardwoods and tracheids in conifers. 
In the wake of an infection the tubes 
must be pi ugged; the tubes are an easy 
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way for invaders to spread. Trees plug 
the tubes in several ways. The cells sur
roundingl the tubes (called contact pa
renchyma) can balloon into the bore of 
the tubes. Encrustations can develop 
at the ends of the tubes. Granular or 
crystalline material can fill the tubes. 
Pits between tubes can close. Some
times air bubbles develop, impeding 
the transport of liquids. The wall-l 
defense is relatively weak, but then 
the tree cannot survive if it plugs all 
its vertical plumbing. Moreover, the 
vertical spread of infection is relative
ly unimportant: the entire core of a 
tree can be infected, yet the new trees 
formed by the cambium in subsequent 
years will keep the tree alive. 

Wall 2 and wall 3 exist before the 
infection: they are formed by the 

annual rings, which resist the inward 
spread of infection, and by the paren
chymal rays, which resist the lateral 
spread. After the infection the walls 
are chemically strengthened. In part, 
however, wall 2 is anatomical. In some 
trees, such as the maple (but not, for 
example, the elm), the end of each sea
son of growth is marked by the pro
duction, on the part of the cambium, 
of a final layer of what are called mar
ginal or terminal parenchyma in hard
woods and thick-walled latewood cells 
in conifers. The cells form a barrier of 
cellular masonry at the perimeter of 
each growth ring. Wall 2 is moderate
ly strong; wall 3 is the strongest of 
the three. If the latter fails, decay can 
spread like an opening fan. This is the 
cause of hollow trees, used for protec
tion and dwelling by many animals. 
The tree itself can survive, with full 
crowns of healthy leaves, owing to the 
work of the cambium in growth sea
sons subsequent to the injury. 

The crucial resistance to the infec
tion is the resistance to its outward 
spread-in particular the defense of 
the cambium against destruction from 
within the tree. Here wall 4, the cambi
um's wall, comes into play. It is quite 
weak in the sense of strengthening the 
structure of the tree but quite strong in 
the sense of being a barrier against mi
croorganisms, a barrier isolating tissue 
that is outside the injury and therefore 
formed after the injury. Indeed, it is 
impervious to most of the fungi and 
bacteria that inhabit wood or bark. Re
cent work by R. B. Pearce, P. J. Hollo
way and Jill Rutherford at the Univer
sity of Oxford establishes that the cells 
of the wall-4 barrier are lined with 
suberin, the fatty acid that gives outer 
bark its resistance to microbial invad
ers. (The invaders almost never have 
enzymes capable of acting on suberin.) 

My colleagues and I have also in
vented a device that detects decayed 

CROSS SECTION OF SAPWOOD from an American elm includes a wall, or barrier 
zone, created by the cambium in response to an injury. Within the zone the parenchymal 
cells are smaller. Moreover, the parenchymal rays are swollen (three rays cross the field of 
view), and many of the ray parenchymal cells have dark inclusions consisting of antimicro
bial substances. The larger cells throughout the cross section are vessels, the hardwood's 
equivalent of tracheids. The injury that provoked the tree's defenses was an infection by 
the fungus that causes Dutch elm disease. Elms react to the infection by walling off the 
fungus. In doing so, however, they wall off some of their capacity to store reserve energy. 

wood in living trees without damaging 
the trees. The device capitalizes on a 

circumstance of decay: as wood de
cays, its content of electric-charge car· 
riers (chiefly potassium ions) increases, 
so that the electrical resistance of the 
tissue, measured ·in ohms, decreases. 
Our device therefore consists of a bat· 
tery-operated pulsed-current genera
tor, a probe and an ohmmeter. To test 
for decay, a hole 3132 of an inch in 
diameter is drilled eight to 12 inches 
into the tree. The probe is slowly in
serted. A sudden decrease in the elec· 
trical resistance encountered at the tip 
of the probe (the tip lacks insulation) 
signals decay. The device is also be
ing employed to detect decay at the 
groundline in utility poles. 

My colleagues and I are now collab
orating with geneticists in an ef

fort to learn which ind ivid uals within 
a given species of tree have the best 
capacity for compartmentalizing. (The 
capacity is under strong genetic con
trol.) Armed with our new concepts of 
tree biology we are also reexaming tree 
diseases. We have found, for example, 
that elms compartmentalize the wood 
infected by the fungus that causes 
Dutch elm disease. The defense can 
lead to starvation as tissues that nor
mally store energy get walled off. 
Moreover, we are devising corrections 
in many of the standard tree-care pro .. 
cedures, such as pruning. 

Much of the misunderstanding that 
underlies improper tree care comes 
about because concepts developed to 
explain animal biology are applied, al
most unconsciously, to trees. In many 
ways trees are treated like animals or, 
worse, like people. Dressings are put 
on wounded trees in an effort to stop 

decay and promote healing, much as a 
parent dresses a cut on a child. Cavities 
of decay are cleaned out beyond the 
decay and into healthy wood, much as 
a dentist cleans out a decayed tooth. 
Branches are pruned flush with the 
trunk, and in some countries the bark 
of the trunk at the base of the branch is 
scribed in the shape of a diamond; the 
subsequent callus, or scar, is consid
ered a sign that the tree is healing well. 

None of these treatments is benefi
cial to trees; indeed, all of them can be 
harmful. No scientific data show that 
any substance applied to a tree wound 
will stop decay. Dressings are primari
ly cosmetic. ( Perhaps too they are psy
chological medicine for the owner of 
the tree.) The cleaning of a cavity past 
the decay and into healthy wood pro
motes further decay. It is in fact one of 
the worst things one can do to a tree. 
The cavity exists because the tree has 
walled off the decay. Finally, improp
er pruning enables decay to take hold 
in injured cells in the trunk. Around 
the base of every branch is a swelling 
known as a collar. Within it is the 
protective zone of the branch, that 
is, the place where the branch's chemi
cal defenses are established. The col
lar should not be injured, much less re
moved, by pruning. 

Decay in trees is a natural process. 
In some cases it can be regulated: it can 
be quickened, slowed or stalled. When 
it cannot be influenced, it can at least 
be detected, nondestructively, in living 
trees. Moreover, it can be predicted, in 
both rate and configuration. Further
more, trees can be selected for their 
resistance to the spread of decay. Sci
entific forestry is approaching a new 
understanding of trees and how they 
survive under many pressures. 

103 © 1985 SCIENTIFIC AMERICAN, INC



M E R  ( :  E I) E S - B E N  Z 

1he Mercedes-Benz 300D Sedan, 300m Station wagon and 300CD Coupe: with their 7Urbodiesel peifomzance, they are 

lheMercedes-Benz 
Turbodiesels for 1985: 

still the most powerful 
line of diesels 

sold inAmerica. 
THE MERCEDES-BENZ 300 D 
Sedan, 300m St.:'1tion Wlgon and 
300CD Coupe represent three 
variations on a radical dleme: dle 
idea mat dramatic over-me-road 
performaIice can be blended 
widl diesel efficiency aIld 
staJllina. 

The idea work.:;. TIlese 
Mercedes-Benz Turbodiesels 
moce. Widl accelerative energy 
aIld cruising ease wordlY of gas
oline-powered cars. Wim power 
enough to flatten hills and make 
quick work of sudden passing 
maneuvers. 

TURBODIESEL POWER, 
DIESEL DURABILIlY 

Yet consider dle bottom line. The 
Turbodiesel you will be living 
widl aIld maintaining aIld paying 
dle bills for; vear in and vear out, 
is a true-blue diesel. No complex 
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electrical system. No conven
tional tune-ups. A durability faaor 
dlat has become part of auto
motive folklore. 

TIle kev to dle Mercedes-Benz 
Turlxx1ie�els' performaI1Ce is less 
dle turho man dle diesel-it') 
dlree-liter; five-cylinder engine. 

It is unique, a high torque 
powerhouse so advaIlced dlat it 
even oil-cools its own pistons ,1'i 
meymove. 

Turbocharging any engine 
boost<; its powec Turbocharging 
d1is engine boost') it'i power -by 
42 percent in models sold on dle 
'West Coa'it, by 45 percent in mod
els sold elsewhere. 

MaI1Y makers have aped dle 
Turbodiesel idea since Mercedes
Benz pioneered it in produaion 
automobiles in 1978. Scant sur
prise dlat no maker h,l,) yet aped 
dle Mercedes-Benz Turbodiesels' 

vivid level of performaIlce. 
The Turbodiesels raI1k not only 

a<; dle most powerful but also dle 
most varied line of diesels sold in 
NOrdl America today 

SEDAN, SiArION WAGON 
AND COUPE 

The four-door 300D Sedan ac
commodates five persons ,U1d a 
gaping 12-cu.-ft. trll11k widlin a 
wheelba.:;e of just 110 inches, 
helping lend near sports-SedaIl 
agility to dlis faITIiliy-sized 
automobile. 

"TIle 300D5 success in striking 
a balaI1Ce between ride comfort 
and haIldling response;' report') 
one automotive journal, "is 
equalled by less dlaIl a haIldful 
of odler cars in dle world:' 

TIle 300m Station Wlgon 
interlaces d1e driving plea')ures of 
a Mercedes-Benz widl me work
horse utility of a five-door carry
all. Tot.:ll cargo capacity well 
exceed.:; 100 cu. ft. A hydropneu
matic lel eling system is integrated 
wim me rear suspension, to help 
keep dle vel1icle riding on all 
even keel-whedler dle load is 
heavy or light. 

EXOTIC, YET PRACTICAL 

TIle 300CD Coupe is dle worlds 
only limited-produaion two-plus
two diesel touring machine. It sit') 
on a taut 106.7-inch wheelba')e
one secret of it.:; quick-witted 
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apart. With their handling agility and riding comfort and obsessiwly fine workmanship, they are automobiles apart. 

agility It'i graceful coupe body
work, sans central door pillars, 
is formed in a process involving 
intensive handworkmanship. 
TIle 300CD is that rarity of 
rarities, an automobile both 
highly exotic and relentlessly 
praaical. 

Sedan or Station Wclgon or 

Coupe, Mercedes-Benz Turbo
diesel power is harmonized with 
high standards of performance 
in every sense of the word. 

From suspension to steering to 
brakes, every Turbodiesel is engi
neered to be a precision driving 
instrument. "TIlere:'i a cornucopia 
of driving deligllt'i at your disposal;' 

concludes Car and Dri'Ler
suggesting tllat in driving pre
cision tllere is driving pleasure. 

From biomechanically correa 
seats, to a superb automatic 
climate control system, to tlle 
dulling of tlle outside wind noise 
to an almost inaudible murmur, 
remarkable comfort prevails. 
Virtually every usf:!ful driving 
anlenity is standard, including an 
uncannily precise electronic 
cruise-control unit. . 

Safety precautions are re
markably comprehensive-botll 
in helping avoid trouble, and in 
protecting tlle occupant'i should 
trouble occur 

MORE THAN POWER 

Ultimately, the Turbodiesels' 
appeal extend'i beyond tlleir per
formance and driving plea'iure. 
TIlere is no more powerful line 
of diesels sold in NOrtll America
and tllere may be no more 
versatile, more competent, more 
timely line of automobiles. In 
North America, or the world. 

Engineered like no other 
car in the world 

SEE YOUR AUTHORIZED 
MERCEDES-BENZ DEALER 
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MAGELLANIC CLOUDS, prominent features of the soutliern 
sky, are galaxies extraordinarily close to each other and to our own 
galaxy, the Milky Way. The Large Magellanic Cloud, or LMC (upper 
photograph), is the type specimen of a class of galaxies called Mag
ellanic irregulars, which are ill-defined spirals. The Small Magel
lanic Cloud, or SMC (lower photograph), is classified as peculiar 
as well as irregular; it has no readily apparent spiral structure. As
tronomers have identified a bridge of hydrogen gas extending be
tween the two c1onds, which may represent evidence that they near
ly collided some 200 million years ago. The SMC was apparently 
split in two by the encounter; the SMC consists of two misshapen 
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galaxies snperposed along the line of sight. A long stream of gas 
trailing behind the c10nds probably resnlts from their interaction 
with the Milky Way. Two-billion-year-old stars emit most of the 
light in the brightest regions of the clouds; a red glow visible else
where comes from emission nebulas, where hotter stars have ion
ized the hydrogen gas that permeates the system. The photographs 
are composites of images made with various wavelengths of light. 
The original photographic plates were made with the U.K. Science 
and Engineering Research Council (S.E.R.C.) Schmidt telescope 
at the Siding Spring Observatory in Australia, and the composites 
were created .by David Malin of the Anglo-Australian Observatory. 
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The Clouds of Magellan 
The nearest neighbors of our galaxy have had a turbulent history. 

Close encounters with each other and with the Milky Way have split 

the smaller cloud and drawn out an enormous stream of hydrogen gas 

In the southern sky, unobservable 
from the Northern Hemisphere, 
float the nearest galactic neighbors 

of the Milky Way. They are the Large 
Magellanic Cloud (LMC), which is 
some 160,000 light-years away, and 
the Small Magellanic Cloud (SMC), 
which lies at a distance of 200,000 
light-years. The next-closest galaxy to 
the Milky Way is the great spiral in 
Andromeda, more than two million 
light-years distant. The serene appear
ance of the Magellanic clouds belies a 
turbulent history and perhaps an even 
more violent future. 

To early observers the Magellanic 
clouds were simply a prominent fea
ture of the southern sky; they were first 
described in 1 521 by a member of Fer
dinand Magellan's circumglobal ex
pedition. Later, variable stars in the 
clouds served as a yardstick for meas
uring intergalactic distances, which led 
to a new conception of the overall 
structure of the universe. 

In more recent years astronomers 
have found a number of surprises in 
the structure of the Magellanic clouds 
themselves. Tides raised by their inter
action with each other and with the 
Milky Way have distorted their form, 
and there is now a long tendril of gas 
and stars extending between the LMC 
and the SMC. One reconstruction of 
the history of the clouds suggests they 
collided or at least had a near-miss 
some 200 million years ago. My col
leagues and I have proposed that the 
SMC was torn apart by such an en
counter and now consists of two mis
shapen galaxies superposed along our 
line of sight. Perhaps the most remark
able of the recent discoveries is the 
Magellanic Stream, a plume of hydro
gen gas that trails behind the clouds, 
extending over more than a quarter of 
the sky. The stream may indicate a vio
lent future for the Magellanic clouds: 
they could be destined to fall into the 
core of the Milky Way. 

The clues to these events, both past 

by Don Mathewson 

and future, lie in the relations between 
the two clouds and in their interaction 
with the Milky Way. The Magellanic 
clouds are often described as "dwarf 
companions" of the Milky Way, as if 
they were analogous to the moons of a 
planet. Actually it is not certain that 
the clouds are gravitationally bound 
satellites of our galaxy. Furthermore, 
the clouds are not dwarfs; they are gal
axies of medium size and are small 
only in comparison with the Milky 
Way, which is a quite large spiral gal
axy. The LMC has about half the di
ameter of the Milky Way (roughly 
50,000 light-years), about a tenth the 
mass and about a seventh the bright
ness. The diameter of the SMC is 
about a third that of the Milky Way, 
the mass is about a fortieth and the 
brightness is about a twenty-fifth. 

Both Magellanic clouds are classi
fied as irregular galaxies. They 

lack the symmetry of the ellipticals and 
the bold catherine-wheel .patterns of 
the classic spirals. Indeed, the LMC is 
the prototype of a class of galaxies 
called Magellanic irregulars, which 
have a subtle, ill-defined spiral struc
ture. The SMC is considered "pecu
liar" as well as irregular, meaning that 
it does not fit into any of the estab
lished categories. Both galaxies have 
a bar near the center, but neither has a 
readily identifiable nucleus. 

The most conspicuous feature of the 
clouds is a glittering array of very 
young and luminous blue-white stars; 
they are about 100 times as massive 
as the sun and about a million times 
as luminous. Many of these stars are 
surrounded by an emission nebula: a 
glowing arc of hydrogen gas ionized by 
the intense ultraviolet radiation from 
the central star. The LMC includes the 
largest of all known emission nebulas, 
called 30 Doradus, or the Tarantula. 

Underlying this. decorative icing are 
more numerous stars of .lower mass 
and luminosity. Some of them are con-

centra ted in small, roughly spherical 
aggregates called globular clusters. In 
the Milky Way most of the stars in 
globular clusters are quite old: roughly 
10 billion years, or the same order of 
magnitude as the age of the universe. 
They were among the first stars to 
form in the galaxy. The globular clus
ters of the Magellanic clouds, in con
trast, have a wide range of ages, and 
some of them are less than 100 million 
years old. The difference in age sug
gests a difference in history. It is gener
ally accepted that the Milky Way coa
lesced rapidly-within about 200 mil
lion years-from a cloud of primordial 
hydrogen and helium. The first genera
tion of stars, including those of the 
globular clusters, condensed before 
the galactic disk had fully taken shape, 
and so they have orbits inclined to the 
plane of the disk, forming a spherical 
halo. Later generations of stars are 
confined mainly to the disk. 

The Magellanic clouds probably be
gan their initial collapse at about the 
same time as our galaxy, but relative
ly few globular clusters were formed, 
and the first episode of star making 
was notably inefficient. Until about 
two billion years ago the clouds re
mained largely gaseous. Even today 
they are gas-rich systems: 10 percent 
of the mass of the LMC and 30 per
cent of the mass of the SMC consists 
of un-ionized, or neutral, atomic hy
drogen, compared with only 2 percent 
of the mass of the Milky Way. 

Two billion years ago some large
scale event triggered a burst of star
forming activity in both clouds. Most 
of the stars visible today were born in 
this period. The instigating event may 
have been the passage of the clouds 
close to our galaxy. 

Although observations of the clouds 
have been made at many wavelengths, 
much of what is known about the 
structure and history of the clouds 
comes from radio astronomy. The 
abundant neutral hydrogen of the 
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IONIZED HYDROGEN IN THE MAGELLANIC CLOUDS is 
detected by means of the red light emitted in a narrow band of 
wavelengths centered on the spectral feature called the hydrogen
alpha 'line. In the LMC (upper photograph) numerous emission 
nebulas appear as dark blobs, swirls, and filaments. The most prom
inent of the nebulas, at the left side of the image, is called 30 Do
radus, or the Tarantula; it is the largest emission nebula known any
where in the universe. In the SMC (lower photograph) there are 
fewer emission nebulas and they are generally smaller, but a string 
of nebulas at the left is notable in that it marks the start of the 

bridge of hydrogen gas that extends between the clouds. Only hy
drogen that has been ionized by the intense ultraviolet radiation 
from a nearby hot star shows up in these photographs; the clouds in
clude vastly larger quantities of hydrogen in un-ionized, or neutral, 
form. The photographs were made by Roderick Davies, E. Ken
netb Elliott and John Meaburn with the S.E.R.C. Schmidt tele
scope at the Siding Spring Observatory. The emulsions were ex
posed for five hours through a filter that excluded all light outside 
the narrow band of wavelengths centered on the hydrogen-alpha 
line. The images are printed as negatives to enhance faint features. 
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clouds can readily be detected by ra
dio telescopes as a result of its emis
sion at a wavelength of 21 centimeters. 
The strength of the 21-centimeter ra
diation yields an estimate of the num
ber of hydrogen atoms present. Equal
ly important, the Doppler shift in the 
wavelength of the emission indicates 
the radial velocity of the hydrogen: its 
speed toward or away from us. 

Early surveys of the neutral hydro
gen in the Magellanic clouds were 
made by James V. Hindman, Frank J. 
Kerr and Richard X. McGee of the 
Australian Commonwealth Scientific 
and Industrial Research Organization 
(CSIRo). They showed that the clouds 
are embedded in an extensive envelope 
of hydrogen and that a bridge of gas 
extends between them. Higher-resolu
tion surveys were later made with the 
210-foot radio telescope at Parkes in 
New South Wales; the LMC was ex
amined by McGee and Janice Milton 
and the SMC by Hindman. They 
found that the bright emission nebulas 
lie in dense concentrations of gas. 

For the LMC the Parkes survey pro
vided a complete picture of the veloci
ty structure of the galaxy, confirming 
earlier patchy measurements of the ra
dial velocity of stars. These measure
ments show that the LMC is a rotating 
disk inclined by about 30 degrees to 
our line of sight, although the velocity 
pattern is not the one expected for an 
undistorted rotating disk of gas. Two 
of my colleagues at the Mount Strom-
10 Observatory near Canberra, Philip 
Schwarz and Vincent Ford, and I con
cluded that the pattern fits a badly 
warped disk. The distortion of the disk 
is particularly severe in the region 
nearest the SMC, where the bridge of 
gas joins the LMC. 

If the velocity pattern of the LMC is 
distorted, that of the SMC is chaotic. 
Indeed, the velocity measurements at 
first seemed impossible to interpret. 
Over almost the entire area of the gal
axy the hydrogen shows two distinct 
peaks in velocity that differ by as much 
as 30 to 50 kilometers per second. A 
rotating disk would have a range of 
radial velocities, but at any one point 
all the hydrogen would be moving at 
the same speed. A common explana
tion of multiple values in a velocity 
measurement is the presence of an ex
panding shell of gas: one component 
of the velocity derives from the ap
proaching part of the shell and the oth
er from the receding part. A hypothe
sis of this kind was put forward 20 
years ago for the SMC: it suggested the 
existence of three expanding shells of 
hydrogen within the galaxy. The hy
pothesis was accepted until recently, 
but it is now untenable. The two veloc
ity peaks have been found in a variety 

of objects that lie well outside the sup
posed boundaries of the gas shells. 

Radial velocities in the SMC have 
been measured for young stars, for 
emission nebulas and for planetary 
nebulas as well as for neutral hydro
gen. In every case, and throughout the 
area of the galaxy, the same bimod
al distribution is observed. It follows 
that the two peaks in hydrogen veloc
ity must derive from separate entities, 
which have their own stellar and nebu
lar populations. In other words, the 
material associated with each velocity 
component includes all the ingredients 
of a complete galaxy. Furthermore, 
the pattern of radial velocities within 
each component is fairly similar to 
that of a rotating disk of gas, although 
there are irregularities. The irregulari
ties mirror those in the LMC: they are 
most pronounced on the side facing 
the companion galaxy, at the junction 
with the intercloud bridge of gas. 

To interpret the Doppler shifts of 
the Magellanic clouds it is neces

sary to subtract the velocity of the 
solar system in its orbit around the nu
cleus of the Milky Way. When the ad
justment is made, it turns out the low
er-velocity component of the SMC is 
moving toward us at 2 5  kilometers 
per second and the higher-velocity 
component is moving away at 1 5  kilo
meters per second. Thus the compo
nents have a relative velocity of 40 
kilometers per second. There remains 
an ambiguity: the components could 
be either converging or separating. 

The ambiguity was resolved by ex
amining the spectra of bright stars in 
the SMC. The spectral lines emitted by 
some of the stars were found to be 
shifted by an amount equivalent to a 
velocity of 1 5  kilometers per second 
away from us; the stars are therefore 
part of the higher-velocity component. 
The same stellar spectra showed ab
sorption lines due to interstellar cal
cium with a Doppler shift equivalent 
to a velocity of 2 5  kilometers per sec
ond toward us. The absorbing materi
al must be in front of the emitting 
star, and so the two components must 
be separating. 

This finding is particularly interest
ing in view of numerous recent reports 
in the astronomical literature suggest
ing the SMC is an object of great 
depth. Measurements of the distan
ces of young, bright stars indicate they 
are spread over a range of more than 
30,000 light-years, much more than 
the thickness of a typical galaxy. 

It was on the basis of the evidence 
outlined above that Ford and I con
cluded the SMC consists of two galax
ies superposed along our line of sight. 
They must be fragments of what was 

once a single galaxy; the SMC has been 
torn in half! The two fragmentary gal
axies cover about the same region of 
the sky, but the center of the lower-ve
locity (nearer) component lies to the 
southwest of the higher-velocity (far
ther) component. The population of 
older globular clusters is also concen
trated in the southwest, and so it ap
pears that the main remnant of the 
SMC should be identified with the low
er-velocity component. I have named 
the new galaxy associated with the 
higher-velocity component the Mini
Magellanic Cloud. 

The bridge of gas joining the LMC 
and the SMC apparently has connec
tions to both the SMC Remnant and 
the Mini-Magellanic Cloud. The char
acteristic double peaks in the velocity 
of hydrogen have been observed along 
the bridge. Moreover, Mary BrUck of 
the Royal Observatory in Edinburgh 
has found that the bridge has stars em
bedded along its entire length. Ford 
and I have measured the radial veloci
ty of some of the stars, again finding 
two similar peaks. Thus the bridge is 
composed of two streams of gas that, 
like the two components of the SMC 
itself, appear to be one because they 
are superposed along the line of sight. 
Outside the bridge in the region be
tween the clouds the distribution of hy
drogen has a complex structure, with 
long spurs extending from the bridge. 
Nevertheless, the velocities measured 
in this region merge smoothly with 
those of the clouds, strongly suggest
ing that the LMC and the two pieces 
of the SMC form a bound system. 

Unquestionably the biggest surprise 
in the exploration of the Magel

lanic clouds is the discovery of the 
Magellanic Stream. This is the fila
ment of hydrogen gas that spans more 
than a quarter of the sky. The first part 
of the stream to be discovered extends 
through about 3 5  degrees, from the 
neighborhood of the Andromeda gal
axy toward the Milky Way's south ga
lactic pole. This stretch of the filament 
was mapped between 196 5 and 1972 
by the Northern Hemisphere radio as
tronomers Nannielou H. Dieter, Aad 
Hulsbosch, Ernst Raimond and J. van 
Kuilenburg. In 1972 Peter G. Wannier 
and George T. Wrixon, using a sensi
tive radio telescope at Bell Laborato
ries in Holmdel, N.J., extended the 
length to 60 degrees and discovered 
that the radial velocity of the gas in
creases toward the south galactic pole. 
The variation in velocity can be de
scribed by a sinusoidal curve, that is, 
the velocity varies in proportion to 
the sine of the angular position. 

Reading Wannier and Wrixon's ac
count of these findings, I noticed that if 
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the filament were extrapolated down 
past the south galactic pole, it would 
pass close to the center of mass of the 
Magellanic clouds. Furthermore, if 
the sinusoidal increase in radial veloci
ty were also extrapolated, the value 
obtained at the position of the Magel
lanic clouds would not be very differ
ent from the velocity of the clouds 
themselves. Both observation and ex
trapolation strongly associated the 
stream with the clouds. It was an excit
ing moment. 

It took only three hours of observing 
with the 210-foot radio telescope at 
Parkes to establish that along the ex
trapolated path of the filament there 
is indeed hydrogen gas with the pre
dicted velocities. It took seven long 
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STRUCTURE OF THE LMC is suggested 
by a map of radial velocities (speeds toward 
or away from tbe solar system). The meas
ured values, which have been adjusted to 
compensate for the motiou of the solar sys
tem, are all positive, indicating movement 
away from the Milky Way. At the left is the 
velocity profile of an ideal rotating disk of 
gas inclined at an angle of 30 degrees to our 
line of sight The velocity contours for the 
LMC have the same pattern, but their dis
tortion suggests the disk is badly warped .. 
The shaded region represents the central bar 
and the dot iudicates the position of 30 Do
radus. Velocities were determined from the 
Doppler shift of radiation emitted by neu
tral hydrogen at a wavelength of 21 centi
meters. The measurements were made by 
Vincent Ford, Philip Schwarz, John Mur
ray and the author, using the 60-foot ra
dio telescope at Parkes in New South Wales. 

months, however, to complete a sur
vey of the entire southern sky and 
make certain the gas we were detect
ing was not a more broadly distribut
ed background unconnected with the 
stream. Martha N. Cleary, John D. 
Murray and I made the survey with 
the 60-foot radio telescope at Parkes, 
which we had taken out of mothballs 
for the task. 

Since then the stream has been stud
ied by many other astronomers. It is 
now known to have an angular extent 
of at least 110 degrees. In addition six 
major concentrations of hydrogen gas 
have been identified in it. The stream 
rather resembles a string of sausages. 
The density of the concentrations de
creases with distance from t.he Mag-

ellanic clouds. The presence of the 
stream is clear evidence of an interac
tion of some kind between the clouds 
and our galaxy. The challenge is to de
fine the nature of that interaction. 

Any theory of the origin of the Mag
ellanic Stream must explain four key 
observations. First, the path of the 
stream is nearly a great circle in the 
coordinate system of the Milky Way 
and passes close to the south galactic 
pole; in other words, the stream lies in 
a plane that passes through the center 
of the Milky Way and is almost per
pendicular to the galactic disk. Sec
ond, the stream appears to be associ
ated more with the SMC than with the 
LMC, although its source is probably 
among the spurs of gas found in the 
region between the clouds. Third, the 
radial velocity of the material in the 
stream varies almost sinusoidally from 
200 kilometers per second toward the 
solar system at the tip of the stream to 
about zero where it joins the clouds. 
Finally, the stream, unlike the bridge 
between the LMC and the SMC, has 
no stars associated with it. 

The most popular explanation of the 
Magellanic Stream has been the 

"tidal" theory, which proposes that 
tides raised in the Magellanic clouds 
during a close encounter with the 
Milky Way drew out a long tail of 
gas. In the early 1970's Alar arid Juri 
Toomre of the Massachusetts Institute 
of Technology had much success in 
modeling the bridges and tails of many 
distant galaxies as tidal effects. The 
tides are created in exactly the same 
way as the familiar ocean tides in
duced by the moon. A point on the 
earth directly under the moon experi
ences a greater gravitational pull 
toward the moon than a point on the 
opposite side of the earth; in galaxies 
there is a similar difference between 
the forces at nearer and farther points. 
The more extended a galaxy, the great
er the distortion caused by tides. For 
this reason the gaseous component of a 
galaxy, which is spread over a larger 
volume than the stars are, is more 
readily pulled out into a stream. 

The initial papers proposing a tidal 
explanation of the stream were incor
rect; they made the wrong assumption 
about the direction of the clouds' mo
tion around the Milky Way. Later 
models, particularly those of Doug
las Lin and Donald Lynden-Bell of 
the Cambridge University Institute of 
Astronomy and Tadayuki Murai and 
Mitsuaki Fujimoto of Nagoya Univer
sity, reversed the direction of the orbit. 
Computer simulations were able to 
account for the basic features of the 
stream as tidal effects. 
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· Murai and Fujimoto considered not 
only the tidal interaction between the 
clouds and our galaxy but also tides 
between the LMC and the SMC. They 
assumed the clouds are in an elliptical 
orbit (that is, they are gravitationally 
bound satellites of the Milky Way), are 
currently just past their point of clos
est approach and are moving counter
clockwise as viewed from the solar sys
tem. The computer simulation begins 
two billion years ago, when the clouds 
were in roughly the same position as 
they are now, at the beginning of their 
last orbit. Murai and Fujimoto find 
that the tidal interaction between the 
LMC and the SMC forms a bridge be
tween them and a short tail on the 
SMC, which then evolves into a much 
longer tail under the influence of the 
gravitational field of the Milky Way. 
In order to reproduce the correct dis
tribution of velocities along the Mag
ellanic Stream they must postulate 
that the Milky Way has a dark halo of 
1012 solar masses, about 10 times the 
visible mass of the galaxy. Such an as
sumption is reasonable; indeed, there 
are other reasons for supposing the 
Milky Way has a massive halo. 

An important feature of Murai and 
Fujimoto's model is that the LMC 
and the SMC nearly collided some 200 
million years ago. In the aftermath of 
the near-miss the SMC was split into 
two concentrations that differed in 
radial velocity by about 60 kilome
ters per second and were separated by 
40,000 light-years. Thus the model re
produces in remarkable detail the cur
rent configuration of the three galax
ies, and in particular that of the SMC. 

Murai and Fujimoto's model yields 
a satisfying result, but a serious prob
lem remains. The model works only if 
the simulation is started at the begin
ning of the last orbit. If the Magellan-

VELOCITY MEASUREMENTS in the 
SMC give evidence of a complex structure 
with two components. The distribution of 
velocities (top) has two peaks, with some 
material approaching the solar system at 25 
kilom eters per second and other material 
receding at 15 kilometers per second. The 
spectra of stars in the receding component 
have absorption lines associated with the ap
proaching component, and so the absorb
ing gas must be in front of the receding ma
terial. The evidence suggests the SMC con
sists of two galaxies moving apart at 40 kil
ometers' per second. The nearer galaxy is 
called the SMC Remnant and the farther 
one is called the Mini-Magellanic Cloud. By 
measuring the Doppler shift of 21-centi
meter radiation the two galaxies can be dis
tinguished. The maps of the SMC Remnant 
(middle) and the Mini-Magellanic Cloud 
(bottom) show the density of neutral hy
drogen (black) and radial velocity (color). 
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MAGELLANIC STREAM is a lumpy trail of neutral hydrogen that follows a great-circle 
path from the neighborhood of the Andromeda galaxy past the south galactic pole to the 
clouds. Its total angular extent, as seen from the solar system, is 110 degrees, or more than 
a quarter of the sky. The contours represent the large-scale distribution of neutral hydro
gen determined by radio�frequency observations. Shaded areas indicate the optical extent 
of the LMC and the SMC. Six concentrations of gas are designated MS I through MS VI. 
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ic clouds are actually satellites of the 
Milky Way, the association presum
ably dates from 10 billion year� ago, 
when the galaxies formed. If the simu
lation is started that early, however, it 
fails to reproduce the stream. To over
come this difficulty Murai and Fujimo
to suggest that the LMC and the SMC 
were not bound to each other 10 bil
lion years ago. Instead the LMC cap
tured the SMC two billion years ago, 
after which the sequence of events fol
lowed that of the model. The capture 
might explain the sudden surge of star 
formation in the clouds two billion 
years ago. 

There is little doubt that the fission
ing of the SMC was caused by the 

tidal influence of the LMC. It is also 
clear that the origin of the bridge 
between the clouds lies in their tidal in
teraction. I have nagging doubts, how
ever, about the tidal origin of the Mag
ellanic Stream. The proposed mecha
nism requires a number of events of 
rather low probability, such as the for
tuitous capture of the SMC by the 
LMC. Moreover, why are there no 
stars in the stream? In similar filaments 
of hydrogen in other tidally interacting 
systems stars are mixed with the gas. 
Since the tidal explanation does not 
seem entirely satisfying, my colleagues 
and I at Mount Stromlo have put for
ward two models of the origin of the 
stream. We call them the primordial 
and the hydrodynamic models. It is 
fair to note that they too require spe
cial circumstances. 

The primordial model is the sim
plest of all the models. It supposes the 
stream is a trail of material left behind 
by the clouds along their orbit. Having 
the material laid down along the orbit
al path leads to some appealing simpli
fications. In the celestial mechanics of 
Kepler and Newton the path followed 
by an orbiting body has certain special 
geometric properties when it is viewed 
from a focus of the orbit; in this case 
the focus is the nucleus of the Milky 
Way, but on an intergalactic scale of 
distances the solar system is reason
ably close to the focus. From a focus 
the radial velocity of the orbiting body 
varies sinusoidally as a function of an
gular position along the path. Further
more, the orbit seen from a focus in
variably projects on the sky as a great 
circle. Of course, these are two salient 
properties of the Magellanic Stream. 

From measurements of the position 
and the velocity of the clouds and the 
stream, the geometry of the clouds' or
bit can be calculated in the primordial 
model. It turns out the orbit is hyper
bolic. In other words, it is not an orbit 
at all in the sense of a closed path; it is 
an open trajectory on which the clouds 
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make one close approach to the Milky 
Way and, if their motion is not dis
turbed, proceed on to other regions 
of space. According to the primordial 
model, the clouds came from the direc
tion of the Andromeda galaxy and are 
now just beyond their point of closest 
approach, which took them to within 
160,000 light-years of the Milky Way. 
Their velocity at closest approach 
was 300 kilometers per second. 

The weakness of this theory is that it 
offers no explanation of how the Mag
ellanic Stream, with its six condensa
tions of hydrogen, has been drawn out 
of the clouds. The answer may lie in 
the effect of ram pressure, exerted by 
gas in the halo of the Milky Way on 
gas in the region between the LMC and 
the SMC. The tail of hydrogen would 
be pulled out in much the same way as 
a cyclist's cap is swept away by his own 
slipstream. The ram-pressure mecha
nism appears to operate in dense clus
ters of galaxies, where many galaxies 
are embedded in a gaseous medium; 
because of their motion through the 
medium, the galaxies become depleted 
in gas. I have estimated that if the halo 
of the Milky Way has a gas density of 
200 atoms per cubic meter and if the 
speed of the Magellanic clouds is more 
than 200 kilometers per second, some 
gas could be drawn out of the region 
between the LMC and the SMC. Un
der certain conditions it could form a 
long tail of gas without stars. 

There is evidence that ram pressure 
is at work elsewhere in the Magellanic 
clouds: compression along the leading 
edge of the clouds has created a steep 
gradient there in the density of neutral 
hydrogen. A gas density of 200 atoms 
per cubic meter in the Milky Way's 
halo would account for the observed 
compression. With three of my col
leagues at the Mount Stromlo and Sid
ing Spring Observatories-Geoffrey V. 
Bicknell, Robert Gingold and Michael 
Dopita-I am currently attempting to 
develop a more detailed and quantita
tive model of the Magellanic Stream 
based on the ram-pressure mechanism. 

If ram pressure is responsible for the 
stream, there is a further reason to 
think that the clouds are following a 
hyperbolic orbit and that this is their 
first encounter with our galaxy. There 
are now some 500 million solar masses 
of weakly bound gas in the intercloud 
region; this gas constitutes about half 
of the total gas content of the Magel
lanic system. If the clouds were gravi
tationally bound to the Milky Way and 
had been orbiting within its halo for 10 
billion years, ram pressure would have 
swept the gas away long ago. It is also 
worth noting that the 28 members of 
the Local Group of galaxies (of which 
the Milky Way and the Andromeda 
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MODELS OF THE MAGELLANIC STREAM suggest three possible explanations of its 
origin. The tidal model (top) assumes the clouds have been in an elliptical orbit around the 
Milky Way for at least 1.8 billion years, the time needed to complete one revolution. A com
puter simulation done by Tadayuki Murai and Mitsuaki Fujimoto of Nagoya University 
shows that tides raised in the galaxies could pull out a tendril of gas along the observed arc 
of the stream. Most of the material comes from the SMC. The primordial model (middle) 
proposes that the material of the stream is strung out along the orbital path of the clouds. 
It conld have been stripped away by ram pressure: the drag caused by the supersonic pas
sage of the clouds through the gaseous halo of the Milky Way. If the stream marks the 
trajectory of the clouds, their orbit must be a hyperbola rather than a closed path, and this 
must be their first encounter with the Milky Way. The hydrodynamic, or turbulent-wake, 
model (bottom) also assumes a hyperbolic orbit, but the gas in the stream is not extracted 
from the clouds; instead it consists of whirls or vortexes created in the gaseous medium of 
the Milky Way's halo. Vortexes formed in the wake of the moving clouds become denser 
and cooler than the surrounding gas, and so they sink toward the nucleus of the Milky Way; 
the sinking could explain the observed distribution of radial velocity along the stream. 
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galaxy are the most prominent mem
bers) lie in a plane; the Magellanic 
clouds and the stream are in the same 
plane, suggesting they are members of 
the Local Group in their own right and 
not mere satellites of the Milky Way. 

The hydrodynamic, or turbulent
wake, theory of the Magellanic 

Stream was put forward by Schwarz, 
Murray and me. One of its notable 
achievements is that it can account for 
the six separate concentrations of gas 
that appear at roughly equal intervals 
along the stream. 

In the hydrodynamic model, as in 
the primoraial one, the gaseous halo of 
the Milky Way is a major player, but it 
has a much different role. The stream 
does not consist of gas from the Mag
ellanic clouds torn loose by ram pres
sure; rather, the material of the stream 
is gas from the halo itself, perturbed by 
the passage of the clouds. The six large 
aggregations of hydrogen are vortexes 
formed as the clouds hurtled through 
the halo at supersonic speed. 

The center of each vortex becomes a 
region of higher than average density, 
which leads to rapid cooling. The cool, 
dense gas begins to sink toward the 
center of the galaxy. It is the sinking 
that gives rise to the observed sinusoi
dal distribution of radial velocities 
along the stream. The condensation of 
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gas nearest the Magellanic clouds has 
almost zero velocity because it is the 
youngest and has just begun to fall. 
The velocity increases steadily with 
distance from the clouds because the 
older parts of the stream have had 
longer to accelerate in their free fall 
toward the galactic core. 

The hydrodynamic model is in good 
agreement with the radial-velocity 
measurements. It also explains why all 
parts of the stream are approaching us 
and have little transverse motion. Still 
another observation that fits readily 
into the model is the fading of the 
stream as it ages: as the turbulent ener
gy is dissipated, the density difference 
that defines the stream diminishes. On 
the other hand, some hydrodynami
cists have criticized the model because 
they are uncertain whether the vortex
es would cause a density increase. 

What will be the fate of the Magel
lanic clouds? The answer depends on 
how much orbital energy they are los
ing to friction as they plunge through 
the galactic halo: Even if their original 
orbit was a hyperbolic one, it will not 
necessarily remain hyperbolic. Fric
tion is generated as gas in the halo is 
deflected by the passage of the clouds, 
effectively braking their motion. Scott 
D. Tremaine of M.I.T. thinks the 
clouds may already have been cap
tured by our galaxy. Tremaine main-
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tains that the rate of energy loss is 
great enough to cause the clouds to 
spiral inward and collide face on with 
the Milky Way in another two billion 
years. The collision would not be a 
solid impact. The clouds would be 
stripped of their gas, but the stars 
and the globular clusters would pass 
through .Iargely unscathed. 

In the aftermath of such a collision 
the remnants of the clouds would con
tinue to circulate around the Milky 
Way in polar orbits (perpendicular to 
the plane of the disk). The globular 
clusters would be their most promi
nent component. In this connection an 
interesting observation has been made 
by William E. Kunkel of the Cerro To-
1010 Inter-American Observatory in 
Chile. He has drawn attention to the 
fact that the outlying globular clusters 
and the slightly larger stellar aggre
gates called dwarf spheroidals are dis
tributed in a nearly polar ring. It is 
likely they are the debris left by the 
collision of another galaxy with the 
Milky Way some six billion years ago. 
Fran<;ois Schweizer, Bradley C. Whit
more and Vera C. Rubin of the Carne
gie Institution of Washington have re
cently shown that such polar rings are 
not uncommon in galaxies. 

If the Magellanic clouds turn out to 
be victims of our galaxy's cannibalism, 
they may not be the first such victims. 

SYSTEM OF GALAXIES made up of the Milky Way and the 
Magellanic clouds is shown in an artist's rendering of what the sys
tem might look like if it could be seen from the outside and if the 
gaseous hydrogen that permeates and surrounds the clouds were 
visible. The Milky Way is seen to be a majestic spiral galaxy, with 

a lenticular nucleus and pinwheel arms. The clouds are smaller and 
less symmetrical; moreover, a higher fraction of their mass is hydro
gen gas. The two components of the SMC are clearly distinguished, 
as is the hydrogen bridge connecting the clouds. The Magellanic 
Stream is .shown in the confignration assumed in the tidal model. 
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The above spillway (at LG III powerhouse site) is part of Hydro-Quebec's La Grande Complex, Phase I 
generating facility at James Bay, Quebec. With the complex's guaranteed production of 62.2 billion 
kilowatt hours peryear, it is the largest hydroelectric project in the North America. It is an apt symbol of 
Canada's vast energy resources. 

CANADIAN 
ENERGY 

With the dominance in world markets of con
spicuous consumer products from Asia it may 
be overlooked that the largest two-way trade 
in the world is between the United States and 
Canada - $150 billion (Canadian) in 1984. For 
Canada much of its export is energy. 

In an address to the Seventh World Energy 
Engineers Conference in Atlanta this last 
November, Allan E. Gotlieb, Ambassador of 
Canada to the United States, outlined the 
magnitude of Canadian trade: "We sell over 
$90 billion (Canadian) in goods and services 
to the world each y ear, much of it in the fortn 
of resource-based exports:' 

"Indeed;' Ambassador Gotlieb continued, 
"the United States imports more energy from 
Canada than from any other country in the 
world:' 

While the proportion of Canada's contri
bution to the United States' overall energy 
needs is statistically low - 4% for oil and gas 
and 2% for electricity - this supply translates 
into virtually 100% of all U.S. imports of gas 
and electricity and about 10% of oil imports, 
making Canada the second largest supplier of 
petroleum to the United States, after Mexico, 
and before any OPEC country. Strategically, 
these imports are signifIcant because their 
regional distribution pertnits the displacement 
or reallocation of U.S. domestic reserves which 
may be more costly to transport or produce. 
California, for example, relies on Canadian gas 
for as much as 40% of its supply. 

Ten billion kilowatt hours of electricity cur
rently flow into New York from Quebec and 
Ontario. These exports are scheduled to in
crease dramatically with the completion of the 
Marcy South transmission line in 1988 and with 
the New York Power Authority's contract to 
purchase III billion kilowatt hours of electricity 
from Hydro-Quebec through 1997. 

The New Brunswick Electric Power Com
mission is selling more than one-third of the 
output from its 630 megawatt Point Lepreau 
nuclear reactor to Maine and Massachusetts. 
Boston Edison Company has the largest 
contract: 100 megawatts of electricity from 
Lepreau l. The decision to develop a second 
nuclear plant at Lepreau will depend almost 
entirely on the New England export market. 
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On November 1, 1984, the frrst direct 
exports of Canadian gas to states in the 
northeast began flowing across the border 
at Niagara Falls. The contract between 
TransCanada PipeLines and Boundary Gas 
(a consortium including Brooklyn Union 
Gas) calls for importing 40 million cubic feet 
a day of western Canadian gas increasing to 
92.5 million in a second phase by 1986 or 87. 

Canada is well endowed with energy: 
proven oil/gas resources in the Western 
Sedimentary Basin, Beaufort Sea, and 
Grand Banks; vast hydraulic power poten
tial of the Laurentian Shield and generous 
reserves of coal and uranium. 

This enormous energy supply potential 
is, however, scattered over a vast country. 
While some resources are easily accessible, 
others are remote and cosdy to develop. 

The new federal government, which took 
offIce in September 1984, intends to main
tain traditional energy policy objectives. An 
immediate priority, however, is stimulation 
of the economy and the creation of jobs. 
Ottawa believes that energy can play a 
major role in achieving these objectives. It is 
reviewing thoroughly energy policy and has 
indicated its intention of adopting a more 
market-oriented approach to energy pric
ing. Greater emphasis is being placed on 
encouraging increased participation by the 
Canadian private sector and on greater co
operation with provincial governments. 
The federal government's agreement with 
Newfoundland over the bitterly disputed 
right of development of the giant Hibernia 
oil fleld, 175 miles off Newfoundland, is the 
best example of this new spirit. A satisfactory 
resolution of negotiations with Alberta and 
Saskatchewan over the decontrol of oil and 
gas prices is also expected. At the same time, 
the federal government has signalled that 
foreign investment will play an important 
role. Federal Energy Minister Patricia 
Carney has stated that "energy is the engine 
of the economy;' 

Thus, Canada today looks forward to a 
decade or more of development of remote 
or difhcult resources. High technology re
source development is no longer a matter of 
manpower - it is capital and knowledge 
intensive. It will need risk capital and tech
nology imports to realize its considerable 
energy supply potential. 

TIDAL 

pletion of each of its two major energy de
velopments depends upon greater under
standing of the ocean. 

One is the Minas Basin tidal power pro
ject, to harness the 40 foot rise and fall of the 
tides at the end of the Bay of Fundy. A 
$500,000 pilot project at Annapolis, Nova 
Scotia is already in operation to test the effI
ciency of a new Canadian-developed tur
bine. Over 100 of these turbines would be 
used in a projected flYe-mile dam across the 
oudet of Cobequid Bay, at the end of the 
Minas Basin on Nova Scotia's northwest 
coast. Engineers estimate that up to 4,800 
megawatts of electricity could be generated 
from the head of water trapped at high tide, 
twice as much as is now used in the entire 
province. 

The low-head turbine is seen as an im
portant feature of the project. It differs from 
the "bulb" -type turbines used at the only 
other tidal power plant in the world, at La 
Rance, near Cherbourg, France, because its 
compact shape and high efflciency at low 
heads of water will minimize the size and 
number of power houses on the dam. 

The Nova Scotia Tidal Power Corp., a 
provincial development corporation, esti
mates that when fully developed, such a 
power plant could return up to $2.3 billion 
annually, paying for itself within ten years. 

NATURAL GAS 

Off the opposite shore of Nova Scotia lies 
a 40 mile long sandbar called Sable Island. 

Mobil Oil Canada was frrst to strike a pos
sibly commercial gasheld called "Venture;' 
which it estimates has between 2-2.5 trillion 
cubic feet of reserves. The exigencies of 
building offshore platforms for gas produc
tion and treatment, however, and then lay
ing a pipeline 250 miles along the ocean bed 
to shore near the Strait of Canso, require 
assurance of very large quantities of saleable 
gas - the threshold of economic viability is 
now estimated between 2.5 and 3 .0 trillion 
cubic feet. 

Fortunately, Shell Canada has discovered 
a second fleld, about 50 miles south ofVen
ture, called the Glenelg held, which the 
company believes to have recoverable re
serves of over one trillion cubic feet. While 
each held would require its own production 
platforms, they could share a single pipeline 
to shore, thus reducing the cost of each. 

Most of the natural gas delivered by the 
two-phase line will go on via a trunk line to 
the New England states. Conditional con
tracts, involving 72% of Venture's output, 
have already been negotiated by the major" 
interest holders - Petro-Canada and Mobil 
- and the New England States Pipeline 
group and Tenneco. 

WiITER 

The province of Nova Scotia is almost The sharp fall of water from the Lauren
entirely surrounded by saltwater, and com- tian highlands of Quebec to sea-level has 
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provided that province with vast reserves of 
hydraulic power, the world's most important 
renewable energy resource. Over 40,000 
megawatts of this resource, it is estimated, 
is still undeveloped. The opportunities 
offered by export of hydroelectric poWer to 
areas of the United States previously depen
dent on expensive and wasteful combustion 
offossil fuels, or nuclear energy, has been an 
important part of the economic strategy of 
Quebec and its provincial publicly-owned 
udity, Hydro-Quebec. It provides a means 
to facilitate early exploitation of these re
sources, and lowers local costs of electric 
power, thus encouraging Quebec's own 
industrial development. 

Jacques Guevremont, Hydro-Quebec's 
vice president, external markets, describes 
how the utility has changed its export policy : 
"In view of the changes which have occurred in 
the Quebec and American markets, Hydro
Quebec has rev ised its export sales strategy. One 

fundamental change is that the expoftation of 
electricity has become one of the utility's prime 
objectives. Itis no wnger a question of selling tem
porary surpluses as in the past. During the next 
few years (say, unti11988) efforts will be made to 
export surplus production; over a wnger period, 
the objective will be guaranteed electricity con
tracts." 

Electricity exports to the U.S. took a leap 
in 1979, following completion of the 735 
kilowatts transmission line from Chateau
guay, near Montreal, to Massena, N.Y. In 
March 1982, the New York State Power 
Authority contracted for III billion kilowatt 
hours of interruptable power between 1984 
and 1997, and seasonal imports of 1,200 
megawatts of frrm power to 1992. At less 
than 4 cents per kilowatt hour, it will be 
30-40% cheaper than nuclear and oil-frred 
generation. The 33-member New England 
Power Pool agreed in August to buy 33 
billion kilowatt hours over the decade to 
1995 .  This year, the State of Vermont will 
receive 150 megawatts of frrm power on a 
year-round basis from 1985 to 1995.  The 
contract, worth $50 million a year plus 
escalation, represents an important frrst, as 
Quebec's frrst export of frrm power on a 
12-month basis. Some U.S. observers, 
noting the surge of electricity exports, 
have questioned whether this doesn't leave 
consumers just as exposed to energy price 
increases as before. But the export con
tracts signed by Hydro-Quebec are based 
on the actual ratio of fuels used by the utili
ties in the areas affected, recalculated either 
annually or on a 12-month moving average. 
This means that, as cosdy oil (at about $50 
per megawatt hour generated) is replaced 
by cheaper coal (at about $20 per megawatt 
hour) the price of imported electricity 
decreases relatively, so that there are ample 
savings to be shared by both importing utili
ties and the ultimate consumers. 

This massive and growing trade in elec-
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tricity has created a need for new technolo
gy. IREQ, the research and development 
arm of Hydro-Quebec, pioneered extra
high voltage transmission at 73 5,000 volts 
many years ago, and is today studying sys
tems rated up to 1.5 million volts. It is also 
pioneering the technology interconnecting 
with other systems via a direct current link, 
thus minimizing requirements for phase 
matching and smoothing load adjustments. 
The New York State inter-connection just 
completed consists of lOO kilometres of DC 
line at 435,000 volts. 

Another problem being tackled at IREQ 
is the inevitability of surplus generating 
capacity in a system with very large units of 
generation. When Hydro-Quebec's James 
Bay complex is completed this year, at a cost 
of $8.2 billion for generating facilities and 
$2 .5 billion for transmission, the utility will 
have a31% surplus of capacity over demand. 
Most of this energy can be saved, however, 
by water storage, only about 10% being 
"spilled" without reducing power. 

One logical solution would be to produce 
electrolytic hydrogen using this surplus 
of power. A present project, sponsored by 
both federal and Quebec governments, in
volves an ''action concertee" between IREQ, 
Noranda, and Electrolyzer Corp. for a joint 
$50 million demonstration plant using an 
improved electrolysis process to generate 
the 17 tonnes per day of hydrogen required 
for a 100 tonne per day ammonia plant at 
Shawinigan, Que. It is intended to demon
strate that electrolytic hydrogen, in large 
scale production, can compete with hydro
gen derived from pyrolysis of natural gas. 

WIND 

Hydro-Quebec also considers local as well 
as export needs in power technology 
development. In partnership with the Na
tional Research Council, it is supervising 
construction of "Eole; a $30 million, 
4-megawatt wind-powered generator ot 
the Darrieus turbine type at Cape Chat, on 
the Gaspe Peninsula, remote from provin
cial load centres. An earlier prototype is 
already contributing 200,000 kilowatts of 
electricity in the remote Magdalen Islands, 
in the Gulf of St. Lawrence. With many of 
Canada's northern and coastal communities 
remote from electricity grids, the develop
ment of large wind-powered generators is 
seen as a fuel conserving replacement for 
diesel generators, and also a possible high
technology export item. 

NUCLEAR 

Ontario has built up a substantial capacity 
with its present CANDU (heavy water) 
reactors which, in contrast to nuclear plants 
in many other countries, are working reli
ably and providing economical power. The 
fmal four-reactor complex in the present 
series, at Darlington, Onto will come on line 
in the early 1990s, providing 3,400 mega
watts of power. 

The earliest commercial CAND U reactor 
in the province, Douglas Point, was com
missioned over 20 years ago, however, and 
is now being retired. Others are middle 
aged, and require major maintenance work, 
such as replacement of all or part of their 
pressure tubes, one of the hallmarks of the 
CANDU design. Maintenance work on a 
reactor which has been in service for several 
years necessitates carrying outprecise, com
plex operations in a high-radiation environ
ment. 

For this reason, the Ontario utility has 
been working with Spar Aerospace Ltd., the 
developer of the "space arm" used in the 
US. shuttle program, to develop a remote 
controlled hydraulically actuated "arm" to 
retube CANDU reactors and perform other 
complex repair and maintenance opera
tions in high radiation environments, to 
avoid exposing human employees. The 
development of an articulated mechanical 
arm six metres long with a lifting capacity 
of six tonnes was announced to a US.
Canadian conference on "Robotics and 
Remote Handling in the NU,clear Industry" 
in Toronto last September. 

HEAV Y OILS AND BITUMENS 

The key to the energy future of Canada's 
prairie provinces, Alberta and Saskatche
wan, is development of "unconventional" 
oil resources, defmed as liquid hydrocarbon 
deposits with a reservoir energy of zero. 
Within this group are "heavy oils" with a low 
enough viscosity to be pumped to the sur
face, and "bitumens" existing in "oil sands" 
which are virtually solid at ambient tem
peratures and must be dug up, if near the 
surface, or liquifted by heat or other means 
before pumping, if deeply buried. 

Provincial authorities in Alberta estimate 
total oil sands content of crude bitumen in 
place to be 250 billion cubic metres, ofwhich 
only 10% is mineable; in Saskatchewan re
coverable reserves of heavy oil are estimat
ed at30 billion cubic metres. These volumes 
are 1,000 times greater than the remaining 
(and rapidly depleting) reserves oflight and 
medium crude. 

G.J. Willmon, V ice President for Oil 
Sands and Coal ofEsso Resources Canada, 
says: The status of oilsands development, specifi
cally in-situ development, is that it's a bright spot 
which will continue. Infact, my company sees its 
future as a heavy oil company. A standard in-
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situ process has been developed for in-situ deve
lopment. First, deviated wells are drilled into the 
reservoirs from central sites. For weeks or even 
months, steam is injected down the wells to heat 
the bitumen to get itjiowing. Then the steam is 
turned off and the heated oil is pumped out. This 
is the standard in-situ steam injection process. 
Since average recovery is only about 20% of the 
bitumen in pl1lce, there is obviously scope for 
improvement. Research to increase recovery is 
continuing throughout the industry and by 
government agencies. 

Esso is presendy developing its Cold 
Lake bitumen resources by a phased in-situ 
process. Phase Two will go into operation 
this year, doubling current production to 
19,000 barrels per day. Two more phases 
added in 1986 will again double production, 
for a total cost for facilities of $450 million. 
This project, and others like it, are initially 
export-oriented, owing to the limited capa
bility of domestic refmers to transform bitu
men and heavy oil into products which are 
in high demand in Canada, such as gasoline. 

The massive US. highway reconstruc
tion program sparked by the US. govern
ment in 1983 has created an unprecedented 
demand for asphalt. Esso is diluting its Cold 
Lake crude with condensate from gas wells 
and pipelining it to northern tier states as 
asphalt feedstock. 

Alberta's remaining gas reservoirs are 
becoming drier, however, as exploitation 
continues, and supplies of condensate, 
which must be extracted from the gas at 
processing plants before pipelining it, will 
therefore diminish as time goes on. This, 
anticipates Hans Maciej, technical director 
of the Canadian Petroleum Association in 
Calgary, will create a major problem in the 
shipment of heavy oil in the near future. 

One company, Bitech Ltd. of Calgary, is 
offering a solvent de-asphalting process, 
which it claims can be carried out at the well
head, which reduces viscosity of the heavy 
crude by 90%. The process is called the 
Angelov IShibley process, after the two 
mining engineers who invented it. 

Another group is approaching the 
problem by attempting that proverbial im
possibility - mixing oil and water. The work, 
still in the laboratory stage, seeks to fmd a 
detergent which would carry globules of 
heavy oil in a water suspension, yet could be 
deactivated at the receiving point to allow 
easy recovery of the oil by settling or centri
fugation. 

From a long-term viewpoint, however, it 
is equally important to use technology to 
upgrade heavy crude and bitume\

n so that it 
can be refmed to produce the normal run of 
petroleum products, rather than asphalt 
and a little heavy fuel oil. Both the Suncor 
and Syncrude oil-sands mining operations 
have such upgrading facilities. These are 
based on fluid coking technologies, which 
cook the surplus organic carbon out of the 
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Energy Supply. . .  a 1Wo-way Street 
Since the beginning of the 20th century, Canada and the United States 

have been developing the energy resources of North America . And the 
cooperation that harnessed the might of Niagara has created a vast 
interconnected network of energy exchanges .  

Alberta gas burns in California ; Tennessee coal stokes Ontario power 
stations ; Quebec power lights New England . Abundant and reliable , 
energy crisscrosses the border for the benefit of consumers and industry 
in both countries .  

The energy demands o f  the 2 1  s t  century create new and exciting 
challenges in Canada for energy exploration and research . Canadian 
technology leads the way as new frontiers are explored on land and 
under water and ice . 

In Canada , government and industry will face this challenge together, 
and continue the historic cooperation with our neighbor to the south . 

Canada 
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bitumen at high temperatures and pres
sures, producing "synthetic" crude, plus a 
good deal of high-sulphur coke, which, so 
far, is a waste product. A new company, New 
Grade Energy, has been formed with fed
eral and provincial support to treat heavy 
Saskatchewan crude by a hydrogenation 
process developed by Union Oil. The 
treated crude will then be processed by 
the Consumers' Co-operative Refmery in 
Regina. Husky Oil Ltd., which pioneered 
the early heavy oil fields in Saskatchewan, 
has proposed a $1.5 billion upgrader speci
fically to treat the peculiarly heavy crude 
of the Lloydminster area. 

Shell's Scotford refmery near Edmonton 
began operating in the summer ofl984. This 
$1 billion plant incorporates state-of-the-art 
technology, and is the first refmery in the 
world to rely exclusively on high quality 
synthetic crude oil, mined and upgraded 
from the Alberta oil sands. Scotford there
fore produces higher yields of marketable 
light petroleum products than conventional 
refmeries. With an initial capacity of 8,000 
cubic metres per day, it will produce a wide 
variety of products, mainly transportation 
fuels, as well as feedstock for Shell's nearby 
styrene plant. 

Like the in-situ extraction process, only 
20% efficient, the technology of upgrading 
heavy oils and bitumens is still in its infancy. 
It still isn't demonstrated, for instance, 
whether it is preferable to improve the 
hydrogen-to-carbon ratio of the crude by 
rejecting carbon or incorporating hydrogen. 
But plenty of research is going on in both 
eastern and western Canada. 

GAS LIQUlFACTION 

Imports of Canadian natural gas have been 
making headlines in the United States 
recently. After years of regulatory rigidity on 
both sides of the border, when export sales 
of Canadian gas slumped because offederal 
government insistence that it be unrealisti
cally priced, at the BTU equivalent of oil, 
the new atmosphere of deregulation has 
allowed growing imports into the USA at 
competitive prices negotiated by individual 
buyers and sellers. But there are still vast 
quantities of Canadian gas shut into already 
discovered fields because oflack of market. 

The Canadian gas industry has been 
seeking ways to export natural gas in other 
modes than by pipeline. This, essentially, 
means the conversion of natural gas to 
"liquid energy:' One of the most obvious 

ways is simply by liquifaction. The energy 
required to cool and compress the gas can be 
supplied by the medium itself. One very 
large project started by Dome Petroleum in 
its high-flying days, and now being carried 
on by a consortium including Union Oil of 
Canada, Pan-Alberta gas, and other gas pro
ducts of Edmonton, is to build a large liqui
faction plant on the west coast, near Prince 
Rupert, B.c., for export of liquifled natural 
gas (LNG) to Japan. The plant would pro
vide the equivalent of3 trillion cu. ft. of natu
ral gas over a 20-year period to flveJ apanese 
utilities, which have no domestic access to 
natural gas, via half a dozen dedicated LNG 
tankers. Cost of the whole plan, including 
tankers, would be about $4 billion. Negotia
tions are proceeding in Tokyo to determine 
the exact price and considerations of de
livery; a $650 million terminal and regasifl
cation plant for the LNG is already under 
construction in Japan, and the utilities are 
hoping for the first tanker delivery inJanu
ary, 1987. 

Another way of converting natural gas -
which is largely composed of methane -
to liquid energy is by transforming it into 
methanol. Ocelot Industries has built a 1,200 
tonne a day methanol plant near the alumi
num portofKitimat, on the B.c. coast, strate
gically placed to export to the PacifiC rim. 

OIL 

In Canada's far north, over a decade of 
active exploration activity has paid off in 
numerous discoveries oflarge reservoirs of 
oil and natural gas which would, in easier cli
mates, have been developed years ago. 
Most of these reserves lie offshore, either on 
the Arctic Islands or at the bottom of the 
Beaufort Sea. To bring these hydrocarbons 
to market will require adaption of existing 
technology to extreme climatic conditions, 
and a choice of two possible routes to mar
ket: either via pipeline, first under the year
round ice cover, and then across hundreds 
of miles of tundra, or via ice-strengthened 
tankers, during the couple of months of ice 
breakup which is as close as the region gets 
to summer. 

The solution varies, deposit by deposit, 
depending upon its proximity to the main
land. But the decision also implies an orien
tation to the end market: tankers will have to 
go around Alaska or through the Davis strait, 
and their convenient ports will not be in the 
energy demand centres of Canada. A pipe
line, on the other hand, would tie into the 
existing network somewhere in northern 
Alberta, and would therefore be easily 
assimilated into Canada's domestic energy 
supply system. 

Recently, the pipeline seems to be fa
voured. Only 400 miles now separate the 
oil and gas resources of the Mackenzie 
Delta and its near off-shore from the head 
of pipe at Norman Wells, NWT, where 
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Esso Resources' northernmost oilfield will 
be tied into the Alberta pipeline network 
by this summer. 

SYNERGY 

One lesson which energy administnitors 
and economists are learning from the recent 
oscillations of supply and demand is not 
to neglect the synergy between various 
energy forms in seeking solutions to de
velopment problems. One recent example 
is the construction of a pipeline to carry 
process steam from Ontario Hydro's Bruce 
nuclear generating station to a nearby indus
trial park. Hydro was stuck with the excess 
steam because of slower than normal elec
tricity demand increases, and publicopposi
tion to the building of a transmission line 
from its nuclear facility to load centres to the 
south. The line had been stalled for lack of 
frrm customers for the steam; potential cus
tomers were waiting for assurance that the 
line would be built. Finally a local group of 
citizens broke the deadlock. Their plan for a 
fermentation plantto make fuel ethanol was 
accepted by Ontario Hydro as sufficient jus
tiflcation to start the line, which should be 
completed by the end of the year. Thus, a 
citizen-based biomass alternative energy 
project became the means for utilizing sur
plus nuclear steam, and the catalyst for an 
important industrial development oppor
tunity. 

Similar synergies on a larger scale are 
likely to emerge as the patterns of Canadian
U.S. energy trade become more complex. 
To extract and exploit its more inaccessible 
energy resources, Canada needs both to 
import and to develop new technology. To 
earn the investment capital it needs to realize 
the energy projects of the future, it has to 
export existing energy resources. It is a 
cycle to which Canada appears willingly 
committed. 

H ugh C. Mcinty re, the author of th i s  
repo rt, has covered Canadian sc ience 
and tech n o l ogy i n  gen e ral  and e n e rgy 
in parti c u l ar for the last twenty-two 
years. He wrote the lead arti c le  in the 
October, 1975 i ssue of S C I E N T I F I C  
AM E R I CAN o n  "Cand u;' Canada's 
heavy-wate r reacto r. He is presently a 
tech n i cal  writer for Ontar io Waste 
Management  Corporati o n .  

A r t  d i recti on ,  s u pe rv i s i o n  of text 
a n d  i l l u strat i o n  a n d  c o o rd i n at i o n  
of p ro d u ct i o n  w e r e  p r o v i d e d  b y  
Cam p Associ ates Adve rti s i n g  L im ited, 
Toronto. 
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Room -with a view 

It's called a chateau and looks like a castle, but it's actually a hotel and please be our 
guest Canada's capital abounds with far-away feelings from double-decker bus tours 
and sedate canal cruises to Changing the Guard on Parliament Hill The splendours 
of our heritage are yours to discover in Ottawa, Ontario/Canada. Treat yourself 
royally! Call TOLL FREE 1-800-828-8585 or from New York State 1 -800-462-8404 
or write: Ontario Travel, Queen's Park, Toronto M7A 2E5, Ontario/Canada. 

Ottawa, Ontario/Canada 
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Experience 
wears a white hat. 

To the people of Ontario, the white Ontario Hydro hard hat is a familiar, everyday 
reminder of a plentiful supply of dependable electricity delivered right to the doorstep . . . 
at a cost that's traditionally been amongst the lowest in the world. 

It is worn in the control rooms of Canada's largest generating stations, by line crews 
stringing high voltage lines through miles of wilderness terrain, as well as the engineers 
working at our numerous construction sites. It is worn by our scientists looking into 
tomorrow and the environmental engineer safeguarding today. 

In so many ways, it symbolizes the experience that has made Ontario Hydro an 
acknowledged international leader in utility management. 

Now, something new has been added . . . Ontario Hydro's New Business 
Ventures Division. Their mission . . . to offer training, technology, skills and 
expertise to sister utilities around the world . . . to seek opportunities to help others 
solve energy problems . . .  to share the innovative experience and know-how that 
travels with the familiar white hat. 

For more information on all facets of utility operations write to: Mr. John H. Walker, 
International Marketing, New Business Ventures Division, 
Ontario Hydro, 700 University Avenue, 
Toronto, Ontario, Canada, M5G lX6. 
Telex: 06-2 1 7786 Telephone: (416) 592-2939. 

We do a lot more 
than make electricity. 
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Have u Heard? 

Where ancient tradition 
and modern expression 
share one roof. 

Where the vita l Native American spirit 
breathes and inspires, 
evolves and expands. 

Where over 75,000 Indian artifacts 
have come to l ive, 
and contemporary artists and cultura l  programs 
l ive on. 

Where l i fe becomes culture 
becomes art becomes l i fe. 

Have you Heard?  

Dlneh Allan Houser 

. �  
• • • •  

The Heard Museum 
Phoenix 
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Anesthesiology 

Rendering the patient insensitive to pain is still an essential 

part of the anesthesiologist's work; another major function is 

to maintain the stability of the patient's vital-organ systems 

by Peter M. Winter andJohn N. Miller 

Tess than 140 years ago, before the 

L development of anesthesiology, 
a surgeon was largely limited to 

performing amputations, setting frac
tures and repairing superficial wounds. 
The primary characteristic of a good 
surgeon was speed: a leg could be am
putated in as little as 25 seconds. No 
successful way of reducing the agony 
of the patient was available, and surgi
cal treatment of diseases within the ab
domen, the chest or the skull was con
sidered virtually impossible. 

The groundwork for the introduc
tion of effective anesthetics began to 
be laid in the last quarter of the 18th 
century. Joseph Priestley and Antoine 
Lavoisier discovered oxygen in the 
1770's. Humphrey Davy in 1808 de
scribed his studies of nitrous oxide 
("laughing gas") and mentioned its 
possibilities as an aid to surgery. Ether 
and chloroform were known to medi
cal practitioners by 183 1, but strangely 
the first efforts to use them as anesthet
ics were made by dentists. Indeed, it 
was a dentist, W. T. G. Morton, who 
demonstrated the surgical effective
ness of a general anesthetic. In 1846 he 
administered ether to Gilbert Abbott 
at the Massachusetts General Hospital 
so that the surgeon, John Collins War
ren, could remove a tumor from the 
unconscious patient's neck. 

Thereafter the transformation of 
surgery and the improvement of anes
thesiology were rapid and profound. 
Today, although making the patient 
insensible to pain during surgery is still 
of obvious importance, it no longer 
constitutes the major part of the anes
thesiologist's task. The major activ
ity consists in keeping the functions of 
the vital-organ systems in eq uilibri
um, counteracting the disequilibrating 
effects of the patient's disease, the 
surgery and the anesthetic agents. The 
anesthesiologist does this by what is 
termed titrated management: the con
tinuous or frequently repeated meas
urement and adjustment of heart rate, 
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blood pressure, respiratory rate and 
volume, blood acidity, levels of oxy
gen and carbon dioxide in the blood, 
temperature, kidney function and oth
er signs that reflect the function of the 
patient's vital organs. 

T
his process can probably be de
scribed best by an example such as 

that of an otherwise healthy middle
aged woman who is undergoing gall
bladder surgery in an up-to-date u.s. 
hospital. The anesthetic procedure will 
be carried out by or under the direct 
supervision of an anesthesiologist-a 
physician with a minimum of three 
years of specialized training in anes
thesiology after his or her graduation 
from medical school. 

Because it has been demonstrated 
that patients who are adequately in
formed and instructed before surgery 
tend to have fewer postoperative com
plications and may have a shorter stay 
in the hospital, the anesthetic care be
gins the night before surgery. The an
esthesiologist visits the patient to get 
information about her, the illness that 
requires surgery, other medical prob
lems, the medications she may be tak
ing and her understanding of the com
ing procedure and her anxieties about 
it. This is also the time for the patient 
to have questions answered about both 
the proced ure and the postoperative 
course, to have potential complica
tions explained to the extent that ex
planation seems desirable and to be 
instructed in the requirements for in
formed participation in postoperative 
care. During this time the anesthesiol
ogist will also decide on the anesthetic 
technique that seems most appropriate 
for the type of surgery, the patient's 

condition and other medical prob
lems affecting her status and the anes
thesiologist's own preference based on 
experience. 

On the day of the operation the anes
thesiologist begins care by setting up in 
the operating room the monitoring de
vices needed to provide information 
about the function of vital-organ sys
tems. The information must be deliv
ered at a rate and a degree of accuracy 
that will allow moment-by-moment 
control of the patient's status. 

At a minimum the monitoring de
vices would include a stethoscope, ei
ther placed on the patient's chest or 
inserted in her esophagus (after she 
has been anesthetized) to continuously 
monitor the functioning of her heart 
and lungs; a sphygmomanometer for 
measuring arterial blood pressure; a 
temperature probe in the esophagus; 
an electrical stimulator (to monitor 
muscle function) at either a wrist or 
the temple, and an electrocardiograph 
continuously displayed on an oscillo
scope. In addition the anesthesiologist 
puts a small catheter in a peripheral 
vein (or in more than one vein) to gain 
direct access to the patient's circula
tion for the injection of medications, 
the maintenance of blood volume and 
electrolytes and (if it is necessary) 
blood transfusion. 

If the case were more complex, the 
surgery more invasive or the patient 
in poorer health, the anesthesiologist 
might also elect to place a catheter in 
an artery to directly monitor arterial 
pressure and the function of the lungs, 
another catheter in the right atrium of 
the heart or in the pulmonary artery 
(which carries blood from the right 
ventricle of the heart to the lungs) and 

GENERAL ANESTHESIA i� surgery was first demonstrated at the Massachusetts Gener
al Hospital in 1846. This painting was made many years later by Robert Hinckley; it is in 
the Countway Library of Medicine in Boston. The patient, Gilbert Abbott, was having a 
neck tumor removed. Nearby with a glass container holding an ether-soaked sponge is W. T. 
G. Morton, a dentist, who administerejl the anesthetic. The surgeon is John Collins Warren. 
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electroencephalograph leads on the 
'scalp (to monitor the activity of the 
brain). Signals from these devices are 
processed and displayed in digital or 
analogue form, either for immediate 
use or for keeping track of trends in the 
patient's physiology. 

A
standard preliminary step preced
ing the ind uction of general anes

thesia is to give the patient 100 percent 
oxygen (02) through a face mask for a 
short time. The oxygen displaces the 
nitrogen (N 2) that is normally in the 
lungs and increases (from about 30 
seconds to two minutes) the length of 
time during which the patient can be 
left not breathing during the introduc
tion of anesthesia. 

In administering anesthesia the an
esthesiologist will be drawing on two 
groups of drugs. The first group con
sists of agents that act rapidly but 
briefly. They serve to induce anesthe-

sia and to facilitate the establishment 
of control over the patient's airway. 
They are put directly into the venous 
circulation, a procedure that partially 
accounts for their rapid onset. They 
could maintain anesthesia, but for sev
eral reasons-the main one being that 
the drugs tend to have toxic effects if 
the doses are repeated freq uently-
they are less useful for the purpose 
than the drugs in the second group. 

The drugs of the second group serve 
to maintain the anesthetic state. They 
include all the inhalation anesthetics 
(either gaseous or vaporized) as well 
as longer-acting muscle relaxants, nar
cotics and a few other agents. In gener
al these drugs take effect less rapidly, 
and they must be delivered in such a 
way that they come into action as the 
induction agents are wearing off. 

In drawing on the first group of 
drugs for the gallbladder patient the 
anesthesiologist typically proceeds 

through four stages. First, he adminis
ters a small dose of a muscle-paralyz
ing agent such as curare. Its purpose is 
to prevent the painful muscle contrac
tions that would otherwise be induced 
by the paralyzing dose of succinylcho
line that will soon follow. 

Second, the anesthesiologist delivers 
intravenously a small dose of a barbi
turate (such as sodium pentothal) that 
acts with great speed. The purpose 
is to ascertain whether a subsequent 
anesthetizing dose will und uly depress 
blood pressure and consciousness. The 
anesthetizing dose of sodium pento
thal (about three milligrams per kilo
gram of body weight) is the third step. 
Because the drug is rapidly redistrib
uted throughout the body, it causes an
esthesia for only a few minutes. 

Following the barbiturate is the par
alyzing dose of succinylcholine. It acts 
for only a few minutes, in which time it 
relaxes all the skeletal muscles. This 
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profound relaxation is required so that 
the anesthesiologist can employ instru
ments to see the trachea (windpipe), 
making it possible to position a tube 
through which breathing can be con
trolled during surgery. The step is nec
essary because the muscle relaxants 
and inhalation anesthetics the patient 
will subsequently receive make spon
taneous breathing impossible. To com
plete the installation the anesthesiolo
gist inflates an elastic cuff at the lower 
end of the tube to ensure an adequate 
seal between the trachea and the tube. 
The seal keeps the contents of the 
stomach from reaching the lungs (a po
tentially disastrous event) and enables 
the anesthesiologist to control the pa-

tient's breathing by intermittently in
flating the lungs with positive pressure. 

W
ith these four steps completed 
the anesthesiologist is in a posi

tion to begin the pharmacologic inter
ventions that lead to surgical anes
thesia. He connects the tube in the 
patient's trachea to the anesthesia ma
chine, which usually delivers a mixture 
of nitrous oxide (N 20) and oxygen 
(02), Since both anesthesia and sur
gery impede the function of the lungs, 
the concentration of oxygen in the 
mixture is seldom less than 30 per
cent-an increase of SO percent over 
the amount of oxygen in normal air. In 
this case, because the surgery is in the 

EQUIPMENT FOR ANESTHESIOLOGY includes the devices shown in this photograph 
made at the medical center of the University of California at San Francisco. The cylindrical 
machine at the left, carrying a set of printed instructions, is the ventilator that maintains the 
anesthetized patient's breathing. The display screen at the right of the ventilator is the out
put from a mass spectrometer; it gives information on tlte gases, including the anesthetic, 
in the patient's lungs. The cylindrical apparatus below the display screen is a soda-lime can
ister, which absorbs carbon dioxide the patient exhales through the ventilator. The two 
circular leads on the patient's wrist stimulate peripheral nerves to determine the effect 
of muscle-paralyzing drugs such as curare. The anesthesiologist is John W. Severinghaus. 
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upper abdomen, we in our practice 
would set the oxygen level at SO per
cent to provide an extra margin. of 
safety against difficulties of respira
tion that might arise. 

As the surgeons of the 19th century 
learned to their dismay, nitrous oxide 
alone is not sufficiently potent to pro
duce adequate surgical anesthesia. In
deed, at a pressure of one atmosphere 
a mixture that is SO percent nitrous 
oxide approximates only SO percent 
of the total amount of anesthetic re
quired. Therefore it is necessary to 
supplement this gas with a more potent 
agent. The common additives include 
halothane, enflurane and isoflurane, 
all organic molecules containing the 
halogens bromine, chlorine and fluo
rine. They have significant effects on 
the cardiovascular and pulmonary sys
tems, decreasing cardiac output, blood 
pressure, the resistance of peripheral 
blood vessels and the volume of venti
lation. Hence such anesthetics must be 
delivered with great precision. Varia
tions as small as a fraction of 1 percent 
can cause potentially lethal distur
bances of the function of vital organs. 
In patients with significant heart dis
ease or other indications large doses of 
narcotics may be substituted. 

Next the patient receives a paralyz
ing dose of curare or a similar drug to 
create enough relaxation of the ab
dominal muscles so that the surgeon 
will have good access to the surgical 
field. Since the respiratory muscles are 
also paralyzed, the patient's breath
ing is taken over completely, usually 
by connecting the respiratory circuit 
to a mechanical ventilator. 

The site of action of these paralyzing 
agents is the synapse: the junction be
tween nerve and muscle. In normal 
circumstances an electrochemical im
pulse sweeps down the motor nerve to 
the synapse. There it causes the release 
of the neurotransmitter acetylcholine, 
which crosses the synaptic cleft and 
stimulates muscular contraction. Suc
cinylcholine and curare, although they 
differ in their mechanisms of opera
tion, paralyze by interfering with the 
action of acetylcholine. 

Once the patient is anesthetized the 
surgeon can start operating. Through
out the course of the surgery the anes
thesiologist "fine tunes" the patient 
and her responses to the disequilibrat
ing effects of the anesthesia and the 
surgery on vital systems. 

Toward the end of the surgical pro
cedure the anesthesiologist must pre
pare to reverse or eliminate the effects 
of virtually all the drugs he has used. 
The process is as complex and hazard
ous as the induction of anesthesia was. 
Paralyzed muscles must be returned to 
a state in which the patient can breathe 
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POTENCY OF ANESTHETICS correlates with their solubility in 
lipids. A standard measure of potency is the minimum anesthetic 
concentration required to abolish movement in response to a pain
ful stimulus. The linear correlation between lipid solnbility and an
esthetic potency implies that the site of action of an anesthetic is at 
the lipid membrane of the cell. Three of these substances (color) are 
regularly used as anesthetics. Hydrogen and nitrogen deviate from 

the linearity shown by the other substances because they are agents 
so weak that in order to cause anesthesia under experimental condi
tions they must be given at high pressure, and the pressure in itself 
partially counteracts the anesthetic effect. The chemical structure 
of the three commonly employed anesthetics is represented at the 
right; their constituent atoms are fluorine (F), chlorine (Cl), car
bon (C), bromine (Br), hydrogen (H), nitrogen (N) and oxygen (0). 

for herself. The various agents em
ployed to produce and maintain the 
absence of both pain and conscious
ness must be eliminated at the correct 
rate and in the correct order. Blood 
volume and composition must be 
checked to ensure that they are nor
mal. Finally, the patient must be awak
ened enough to respond to the minis
trations of the specially trained nurses 
in the recovery room. 

Part of this procedure entails admin
istering drugs that counteract the anes
thetic agents. For example, the action 
of muscle relaxants is counteracted by 
drugs such as neostigmine that rees
tablish the normal function of acetyl
choline at the synapse between nerve 
and muscle. In other instances the an
esthesiologist merely has to be cer
tain that natural processes are taking 
over-for example, that the inhalation 
anesthetics are removed from the cir
culation by respiration. 

G
allbladder surgery is a fairly sim

ple procedure. The same princi
ples apply in much more serious situa
tions: an elderly person having major 
blood vessels removed and replaced, a 

newborn child with congenital heart 
disease (for which the treatment re
quires stopping the heart), a patient 
receiving a number of medications 
for unrelated diseases, a person with 
mUltiple injuries or someone in whom 
many organ systems are severely im
paired. Perhaps the most extreme ex
ample is a patient receiving a liver 
transplant. Such a patient is near death 
from liver failure and has many phys
iological derangements affecting al
most all the organ systems. The sur
gery can last for 24 hours or more, 
and the transfusion of 50 gallons of 
blood (35 times the normal blood vol
ume) is not unheard of. 

The fact that the anesthesiologist 
can maintain the patient's physiologi
cal equilibrium in the face of several 
simultaneous onslaughts indicates that 
he provides a qualitatively different 
kind of medical care. Most medicine is 
practiced by prescription: the physi
cian makes a diagnosis, prescribes a 
treatment and reexamines the patient 
after an interval of time (usually days) 
to ascertain how well the therapy is 
working. The anesthesiologist prac
tices by titration: he continuously 

measures and adjusts the functions of 
interdependent systems of vital or
gans. He substitutes expertise for the 
homeostatic mechanisms that ordinar
ily maintain this delicate balance. 

Such an approach depends entirely 
on accurate measurement of how each 
organ system is functioning. This fact 
largely accounts for the dependence 
of modern anesthesiology and surgery 
on high-technology instrumentation. 
It also helps to explain why increasing
ly radical surgical procedures are in
creasingly expensive. Such care is both 
personnel- and technology-intensive. 
This capacity to titrate pharmacology 
against the pathology of illness has 
been described as toxicological brink
manship. Remarkably, it is done in 
hospitals throughout the U.S. with a 
mortality rate of approximately one 
patient in 10,000. 

Although the anesthetic procedure 
we have described for the woman in 
gallbladder surgery is the common
est method, it is not the only one. Ex
cellent surgical analgesia can also 
be achieved by a number of regional 
techniques. They entail blocking, by 
the administration of local anesthet-
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Summary: 
GTE computer scientists are pro
ducing software to help develop 
a variety of things, from tele
phone networks to integrated 
circuits-software that writes 
other software; software that 
designs microcircuits; 
even software that has its own 
intelligence. 

Modern telephone systems are 
essentially special-purpose com
puters. Their software represents 
more than half of their cost, and this 
figure is rising. 

GTE research is aiming to 
improve both productivity in soft
ware design and its quality. Two dif
ferent compiling systems are helping 
us (compilers aren't new, of course, 
but these are special). 

. New-generation software 
compiler. 

Our General-Purpose Compiling 
System (GPCS) does not work with 

-

only one language and computer as 
ordinary compilers do. GPCS was 
designed to be independent of host 
and target machine, and support 
Pascal, Ada and CHILL. It was also 
designed to permit automatic lan
guage translation between these sup
ported languages. 

Our researchers have completed 
work on GPCS, and it is now in our 
software development facilities. 
There, it will write software for new 
switching systems at increased pro
ductivity levels. 

Designing hardware with 
software. 

The demand for more and more 
function has inevitably led to higher 
costs for designing very large-scale 
integrated circuits. Designing a 32-
bit microprocessor with today's tools, 
for instance, can take over 100 man-

years. Our silicon compiler project 
promises to reduce this time by 90 to 
95 percent. 

Using this design-automation tool, 
designers will describe what the cir
cuit should do functionally, rather 
than graphically. The tool will trans
late (compile) requests into appropri
ate geometry without the laborious 
circuit layout and routing formerly 
required. 

It is interesting to note that this 
project may result in the use of 
custom-logic circuits where micro
processors are used today. After all, 
when VLSI circuits become cheap 
and easy enough to produce, it may 
be preferable to integrate them into 
systems rather than write software 
for a microprocessor. 
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creates soft\Vare. 

Simplifying database 
access. 

With the advent of communica
tions networks like GTE Telenet, 
many databases have become acces
sible at relatively low cost. Each, 
however, may have its own access 
control mechanism, command lan
guage, and output format; and users 
may want to switch from one data
base to another with a transparent 
interface. 

We have been working on a way 
for data-network subscribers to use 
natural language"which is translated 
into the various formats required by 
the different database services. It is 
called FRED-Front End for Data
bases. This technology incorporates 
natural-language processing and the 
expert systems areas of Artificial 
Intelligence. 

FRE D acts like a librarian. It rec
ognizes the meaning of natural
language input and sends a request 
to the appropriate database. 

Not all our computer science proj
ects have the drama of artificial 
intelligence research, of course. 
However, our goal in all these inves
tigations is to create software to help 
improve quality and productivity for 
advanced communications products 
and services. 

The box at the right lists some of 
the pertinent papers GTE people 
have published on software and 
related subjects. For any of these 
you are invited to write GTE Mar
keting Services Center, Department 
TPIIIA, 70 Empire Drive, West 
Seneca, NY 14224 or call 1-800-828-
7280 (in N. Y. State 1-800-462-1075). 

Pertinent Papers. 

The System Compiler, 1983 IEEE 
International Symposium on Circuits. 

The MacPitts Silicon Compiler: A 
View from the Telecommunications 
Industry, VLSI Design, May-June, 
1983. 
An Intelligent Communication Assist
ant for Databases, Proceedings of the 
IEEE COMPSAC 83. 
A Natural Language I nterface for 
Medical Information Retrieval, 
AAMSI Congress. Computer Applica
tions in Medicine. 

Separate Compilation for Block Struc
tured Languages: A Comparative 
Study of CH I LL and Ada Compiling 
Systems, Proceedings of the IEEE 
Symposium on Application and 
Assessment of Automated Tools for 
Software Development. 

An Efficient Compilation Strategy 
for Very Large Programs, ACM 
SIGPLAN 82 Symposium on 

Compiler Construction, June, 1982. 

[iji� 
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ics such as lidocaine and tetracaine, 
the propagation of neural impulses in 
structures distant from the brain. For 
example, the physician can render a 
fractured wrist insensitive to pain by 
injecting a local anesthetic near the 
nerves as they pass through the neck or 
the axilla (armpit). 

Similarly, local anesthetics injected 
near the spinal cord by any of several 
approaches will make structures be
yond this point insensitive to pain. The 
technique has revolutionized the an
esthetic management of labor and 
childbirth. Until some 15 years ago 
labor was largely characterized by un
controllable or poorly controlled pain. 
The reason was that such drugs as 
inhalation anesthetics and narcotics, 
which would be useful in reducing ma
ternal pain, pass through the placenta 
and depress vital functions in the fetus. 
Regional analgesia provides excellent 
relief of abdominal and pelvic pain. 
The mother remains awake, able to 
take part in and to enjoy the process 
of labor and birth. The local anes
thetics used for such purposes are rel
atively nontoxic; only small amounts 
reach the fetus, whose vital functions 
at birth are therefore not disturbed. 

Experience in the management of 
pain has led anesthesiologists into sev
eral other areas of practice and re-

a 

c 

o 

0 0 0 

o 
o 0 

search having little to do with surgi
cal patients. They include the man
agement of chronic pain, critical-care 
medicine, investigation of how anes
thetics produce anesthesia and the 
technology of deep-sea diving. 

Chronic pain severe enough to inter
fere with productivity and enjoyment 
of life afflicts an estimated 35 million 
people in the U.S. The cases vary wide
ly, ranging from intractable headaches 
to the phantom pain that seems to 
come from an amputated limb. Chron
ic pain appears as a large group of 
syndromes, best managed by a team 
of specialists incl uding anesthesiolo
gists, neurologists, ne urosurgeons, in
ternists, psychiatrists and others. 

Another subspecialty of anesthesiol
ogy is critical-care medicine. Continu
al titrated management is the key to 
survival for patients who are critically 
ill because of the simultaneous failure 
of several vital-organ systems. For ex
ample, a patient suffering from acute, 
reversible neuromuscular paralysis or 
multiple injuries can be cared for in 
much the same way as an anesthetized 
patient, except that the intensive titrat
ed management will continue for days 
or weeks. Moreover, some forms of 
surgery such as cardiac and transplan
tation procedures have a major impact 
on the homeostasis of vital-organ sys-
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ANESTHESIA may arise from the action of the anesthetic in the lipid membrane of the 
cell, blocking the transmission of nerve impulses. In a resting cell (a) the sodinm ions (light 
gray) involved in the transmission of impulses are largely outside the cell. On the arrival of 
an electrochemical signal a channel opens in a membrane protein (b), allowing sodium ions 
to pass through to the interior of the cell. When molecnles of an inhaled anesthetic (color) 
dissolve in the membrane (c), the channel does not open on the arrival of an impulse (d) 
and the sodium ions are blocked. The membrane may change in fluidity or volnme �r both. 
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terns and create the need for long-term 
intensive care. Anesthesiologists usu
ally work with other specialists as part 
of a team caring for such patients: 

N
otwithstanding the fact that anes
thetics are administered to mil

lions of patients each year in the U. S., 
the pharmacologic mechanism pro
ducing unconsciousness and analge
sia is poorly understood. A better un
derstanding would contribute to the 
design of improved anesthetics and 
would yield insights on the action of 
su"h heavily abused drugs as alcohol 
and barbiturates. 

How do anesthetics work? Mor
phine, codeine, heroin and other drugs 
with anesthetic properties have specif
ic molecular structures that fit receptor 
sites on the surface of cells, much as a 
key fits into a lock. This cannot be true 
of inhalation anesthetics. Their molec
ular structure varies widely, from no
ble gases such as nitrogen and argon 
to complex halogenated hydrocarbons 
such as halothane and enflurane. 

There are some clues to how these 
anesthetics act. It has been known 
since the 19th century that the potency 
of an anesthetic can be predicted with 
great accuracy on the basis of the 
agent's solubility in lipids: the greater 
the solubility, the more potent the an
esthetic and the lower the concentra
tion required to prod uce anesthesia. 
Although this relation does not explain 
how anesthetics act, it strongly sug
gests they exert their effect on the lipid 
membrane of neuronal cells. The cur
rently accepted hypothesis is that the 
anesthetic dissolves in the lipids of the 
membrane and, by acting either on 
the lipids or on protein complexes em
bedded in them, changes the fluidity 
or the volume of the membrane. 

This hypothesis gains a degree of 
support from the remarkable phenom
enon known as pressure antagonism. 
High pressure, as our laboratory and 
others have demonsfrated, nullifies the 
effect of an anesthetic. The action is 
linear and quantitatively predictable, 
regardless of the potency of the an
esthetic involved. For example, if a 
mouse is anesthetized with halothane 
in a high-pressure chamber, it re
turns to the unanesthetized state if the 
pressure is raised by 50 atmospheres 
(about 735 pounds per square inch). 
The administration of an additional 
amount of anesthetic can be antago
nized by a highly predictable incre
ment of pressure. No other known 
pharmacologic or physical manipula
tion can accomplish such antagonism. 

Pressure antagonism has been dem
onstrated for all inhalation anesthetics 
and for other gases that are not gener
ally regarded as anesthetics. One of 
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them is nitrogen, which constitutes 79 
percent of normal air. The solubility of 
nitrogen in lipids predicts that it would 
produce anesthesia at a pressure of 28 
atmospheres. Indeed, the nitrogen nar
cosis ("rapture of the deep") experi
enced by divers is merely a small de
gree of anesthesia from the increased 
amount of nitrogen the diver breathes. 
A diver breathing air at a depth of 150 
feet in seawater is receiving an amount 
of nitrogen equal to approximately 15 
percent of the anesthetizing dose of ni
trous oxide or halothane. 

This effect materially interferes with 
deep commercial diving, which is why 
helium is substituted for nitrogen in a 
diver's air supply. Based on its solubili
ty in lipids, helium should become an
esthetic at a pressure of approximate
ly 80 atmospheres. Actually, however, 
helium is an important exception to 
the correlation between anesthetic po
tency and solubility in lipids: it does 
not produce anesthesia at any pres
sure. Instead it brings on the antithesis 
of anesthesia, namely excitation of the 
central nervous system, manifested by 
tremors that progress to epileptic sei
zures. It is important to note that both 
the anesthetic antagonism and the ner
vous excitation are produced by the 
pressure rather than the helium. 

In sum, anesthesia is created by an
esthetics of varying potency. The po
tency of a given agent is determined by 
its lipid solubility. For a relatively po
tent agent such as halothane only 1 
percent of one atmosphere is required 
to produce the anesthetic state. Ni
trous oxide, which is less soluble in lip
ids, requires about one atmosphere to 
produce anesthesia. Nitrogen is still 
lower on the scale of lipid solubility: its 
solubility predicts a dose of 28 atmos
pheres of nitrogen to create anesthesia. 

O
n the basis of these findings a hy

pothesis can be advanced relating 
a continuum of behavior to the critical 
volume of a lipid membrane. (The 
concept of volume is an oversimplifi
cation of much more complex changes 
taking place in the membrane.) The 
normal dimensions of the membrane 
equate with normal consciousness. 
Compression of the membrane by high 
environmental pressure reduces the 
volume of the membrane-a condition 
that correlates with excitation of the 
central nervous system leading to sei
zure. If molecules of anesthetic are dis
solved in the membrane, the result is 
anesthesia from the expanded volume 
of the membrane. The more soluble 
the anesthetic, the smaller the amount 
required. If pressure is then applied, 
the volume of the membrane is re
stored to normal, whereupon normal 
behavior returns, notwithstanding the 

MORTON'S EQUIPMENT for administering the first surgical anesthetic was this glass 
container. It held a sponge soaked in ether. Abbott inhaled through the mouthpiece at the 
right, making air pass over the sponge and pick up ether vapor. Fortunately Morton's anes
thetic has a wide safety margin, so that Abbott survived in spite of the primitive equipment. 

continued presence of the anesthetic. 
This understanding has important 

implications for activities far afield 
from patient care: deep-sea diving and 
offshore-oil development. We stated 
above that commercial divers avoid 
the anesthesia of nitrogen narcosis by 
breathing mixtures of helium and ox
ygen. As depth increases, divers en
counter excitation of the central ner
vous system. This imposes a limit on 
the depth at which productive work 
can be done, particularly in offshore
oil development. 

At the Duke University Medical 
Center, Peter B. Bennett and one of us 
(Miller), together with our colleagues, 
have addressed this problem in a 
recent experiment. Volunteers spent 
four days in a high-pressure cham
ber complex at pressures of up to the 
equivalent of 2,500 feet of seawater 
(69 atmospheres). Calculations had in
dicated that the addition of 25 percent 
of an anesthetic dose would return 
membrane volume to normal. The saf
est "anesthetic" to use in this case 
is nitrogen. Accordingly the breathing 
mixture consisted of helium, nitrogen 
and oxygen in proportions of 89.3, 10 
and .7 percent respectively. The volun
teers were essentially unaffected by the 
excitation that would have appeared 
with standard helium mixtures. 

The problem is not solved, however; 
the density of the highly compressed 
gas increases the mechanical work of 
breathing and may limit the depth to 
which divers could descend. About 

half of the density of the breathing 
mixture was due to the nitrogen. The 
depth limitation imposed by the dense 
gas could be minimized by substituting 
a more potent anesthetic such as ni
trous oxide (in much smaller quanti
ties) to achieve the antipressure effect. 

A further aspect of research on anes
thesia is of paramount importance. In 
experiments done in association with 
Edmond I. Eger II and Raymond 
Smith we have demonstrated that in
halation anesthetics cause pharmaco
logic effects very similar to those of 
alcohol and such sedatives as barbitu
rates. In experimental animals they 
give rise to the development of toler
ance and withdrawal syndromes that 
are similar in both quantity and kind 
to those seen with such drugs. More
over, we have shown that a tolerance 
to alcohol confers a cross-tolerance 
to anesthetics. These findings provide 
strong circumstantial evidence sug
gesting a similar mechanism or site 
of action (perhaps both) for the two 
groups of drugs. 

Alcohol and other sedative hypnot
ics are the most abused drugs known, 
with incalculable costs to both the ad
dicted and society. It is difficult in re
search on alcohol to correlate aspects 
of behavior with the concentration of 
the drug. This problem is largely over
come by the use of inhalation anesthet
ics as substitutes. We foresee that anes
thetics will become convenient probes 
for the study of these societally impor
tant problems. 
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The Parsons Steam Turbine 

Invented in 1884 by Charles A. Parsons, son of an aristocrat 

and scientist, it revolutionized shipping and the generation 

of electric power. Many of Parsons' innovations are still in use 

B
y the late 1800's the Ind ustrial 

Revolution had reached an im
portant turning point. During 

the preceding century and a half steam 
engines had made it possible to employ 
the chemical energy of various fuels in 
a great variety of mechanical devices. 
In one of the steam engine's most sig
nificant uses it had been linked to an
other technological development, the 
electric dynamo, making a large flow 
of electrical power available. As the 
demand for power increased so did the 
size of steam engines, until they began 
to push their mechanical limits. If in
dustrial development was to continue, 
'a new source of power was necessary. 

In 1884 Charles Algernon Parsons 
provided that source by developing the 
world's first practical turbogenerator. 
Ten years later he turned his attention 
to the task of applying his invention to 
transportation; several years of intense 
development were crowned by success 
when his turbine-powered ship Tur
binia reached a speed of 35 knots. This 
was appreciably faster than the top 
speed of any ship in the Royal Navy at 
that time. Turbines are more compact 
than piston-driven, or reciprocating, 
steam engines, and they are simpler. 
Therefore as turbines grew in size and 
efficiency they replaced the older kind 
of engine. Today steam turbines are 
the world's largest source of electric 
power, although their near-monopoly 
of passenger-ship propulsion during 
the first half of this century has been 
ended by the advance of the diesel en
gine. The modern steam turbine still 
embodies features that were first de
veloped by Parsons in 1884. 

The two principles underlying the 
steam turbine, reaction and deflection, 
are themselves quite old. In about 130 
B.C. Hero of Alexandria described a 
machine called an aeolipile. This hol
low sphere, filled with steam, had two 
hollow arms on opposite sides bent so 
that they pointed along opposite tan
gents of the sphere. Expanding steam 
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escaped in jets from the two arms and 
set the sphere spinning by reaction as 
the steam accelerated. 

The other principle employed in tur
bines, deflection, is demonstrated by a 
machine proposed by Giovanni Bran
ca in 1629. In Branca's machine a jet of 
steam spun a wheel fitted with blades 
shaped like those of a water wheeL 

Steam turbines embody both of 
these effects. In a turbine a jet of high
pressure steam is directed against a set 
of fanlike blades. When it strikes the 
blades, the flow of steam is deflected; 
deflection of the flow spins the blades. 
The steam expands and accelerates as 
it flows through passages between the 
blades, converting the energy locked 
up in high pressure into kinetic energy. 

Early turbines, such as Branca's, 
would not have been able to produce 
any useful power because the steam 
boilers of the time could not sustain 
significant amounts of pressure. The 
first successful steam engines, de
veloped by Thomas Savery, Thomas 
Newcomen and others, did not require 
high-pressure steam. Instead they used 
low-pressure steam to displace the air 
under a piston. The steam was then 
condensed, creating a vacuum under 
the piston, and the weight of the at
mosphere acted on the piston to per
form useful work. Experience in build
ing and using boilers for these so
called atmospheric engines eventual
ly enabled engineers to design boilers 
capable of sustaining and withstand
ing pressures well above the pressure 
of the atmosphere. 

The availability of high-pressure 
steam led inventors to think again of 
the turbine. Designers tried various 
approaches. In 18 15 the locomotive 
engineer Richard Trevithick tried at
taching two jets to the rim of the wheel 
of a railroad engine and supplying 
them with steam from the boiler. Trev
ithick's device failed. A sawmill driven 
by a similar reaction device was built 
in 1837 by William Avery at Syra�use, 

N. Y. In England alone more than 200 
patents relating to turbines were is
sued in the century preceding 1884, 
half of them in the 20 years after 1864. 

None of these efforts produced a 
practical machine. In part this was ow
ing to a failure to understand the phys-

PARSONS TURBO GENERATOR built in 
1884 was the first practical steam turbine. 
High-pressure steam entered through the 
rectangular opening visible near the turbine 
sbaft's midpoint. There it was split into two 
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ical laws governing the expansion of 
steam. Steam is much less dense than 
water and much more elastic; conse
quently the fluid velocities in steam 
turbines are far higher than they were 
in the water turbines with which these 
designers were familiar. It had been 
determined that the blade speed need
ed to be at least half that of the fluid if 
a turbine was to operate at reasonable 
efficiency; early turbines therefore had 
extremely high rotational speeds. 

High rates of rotation caused several 
difficulties, not the least of which was 
that the rapidly spinning machines 
tended to fly apart. Rotational veloci
ties could have been lower if turbine 
blades had been mounted on wheels 
with large diameters. This was not 
possible, however. The steam through
put of the early machines was neces
sarily small, and so the cross-sectional 
area through which the steam passed 
also had to be small. The first experi
mental turbines therefore had small 
diameters and short blades. 

Another troublesome property of 
steam is subtler. When a compressible 
fluid such as steam is forced through a 
nozzle, the speed of the flow increases 
in proportion to the ratio of inlet pres
sure to outlet pressure. When the ratio 
reaches about two to one, the flow 
reaches a peak; further increases in 
the pressure ratio effect no further in
crease in fluid velocity. Early designers 
were thus unable to take full advan
tage of high-pressure steam, because 
there was a limit to the amount of pres
sure energy that could be converted 
into kinetic energy and then passed on 
to the blades. In 1889 the Swedish en
gineer Carl Gustaf de Laval employed 
a nozzle fitted with a trumpet-shaped 
mouth. This could develop much great
er velocities; as a conseq uence the ro
tational speed of de Laval's machine 
was also very high. 

Parsons developed a radically differ
ent approach to turbine design, one 

that enabled him to reduce the high 

rotational velocities while taking full 
advantage of the energy in high-pres
sure steam. He was able to sidestep 
the pressure problem by allowing the 
steam to expand gradually as it passed 
through 15 pairs of bladed turbine 
wheels. Each pair consisted of one 
wheel of "fixed" blades, attached to 
the inside of the turbine casing, and 
one of "moving" blades, fitted onto the 
rotating shaft [see middle illustration on 
page 136]. The fixed and the moving 
blades faced in opposite directions; 
that is, if each set of blades had been 
free to rotate, steam passing through 
the ensemble would have caused the 
two types of wheel to rotate in oppo
site directions. 

As the steam passed through the 
fixed blades it expanded, speeding 
up the flow, and was redirected to 
strike the faces of the moving blades, 
spinning them by the force of deflec
tion. Within the moving blades the 
steam expanded once again, emerging 
from them as an accelerated jet and 

streams, which flowed toward each end of the shaft through bladed 
wheels. Expanding steam spun "moving" wheels, which were con
nected to the central shaft; these alternated with "fixed" wheels at
tached to the inside of the turbine casing. Fixed wheels directed the 
steam so that it would strike the faces of the moving blades. Steam 

expanded as it passed through each wheel. By allowing the steam to 
expand in a cascade of many stages, Parsons was able to take full 
advantage of the energy contained in high-pressure steam and still 
avoid the high rotational velocities necessary in other steam tur
bines. The spinning shaft powered a dynamo, or generator (right). 
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REACTION AND DEFLECTION are the 
two principles underlying operation of the 
stearn turbine. Reaction is demonstrated by 
Hero's aeolipile (a), in which a stearn-filled 
sphere is spun by jets of expanding stearn 
that escape from two hollow arms. In (b) 
a wheel spins when blades deflect a jet of 
stearn. A turbine's blades (c) also deflect 
the flow of stearn; in addition the stearn ex
pands and accelerates as it passes between 
blades, propelling them by reaction force. 
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driving them by the force of reaction. 
The cascade of bladed wheels made 

extremely high rotational velocity un
necessary. In each of the 30 wheels that 
made up Parsons' 15 stages the steam 
expanded by a small amount, giving up 
some of its energy. The pressure fell by 
only about 10 percent across each pair 
of fixed and moving blades, and so the 
maximum steam velocity was about a 
fifth of that of a single-stage turbine. 
Parsons reasoned that for such small 
pressure drops serious errors would 
not result if steam were considered to 
be an incompressible fluid, like water. 
He was thus able to estimate steam ve
locities, ideal efficiencies and appro
priate blade shapes with quite good ac
curacy. Parsons' system of letting the 
steam expand in many gradual steps, 
which is a fundamental aspect of mod
ern turbines, was only one of many 
innovations he introduced in his ma
chine of 1884. 

Another innovation was a new type 
of bearing designed specifically for 
shafts rotating at high rates. In spite 
of Parsons' success in reducing the 
speed of his turbine, he still required 
the shafts to turn at least 10 times fast
er than any existing engine or motor. 
This made it necessary for him to deal 
with the phenomenon known as shaft 
"whirling." The engineers of the peri
od knew that each shaft had a char
acteristic critical speed, at which any 
slight imbalance would cause it to bow 
outward violently. It had been found 
that the critical rate of rotation corre
sponded to the natural frequency of 
lateral vibration of the shaft (the fre
quency at which the shaft would reso
nate when struck). Parsons and de La
val found independently that a shaft 
would run smoothly if it was speed
ed past the critical rate. Nevertheless, 
the shaft still deflected slightly ow
ing to minor imbalances. It was there
fore necessary, in order to prevent 
damage to the shaft, for it to run in 
bearings that would allow some lat
eral movement. 

Parsons first tried resting an ordi
nary bearing on spring supports, but he 
found that such an arrangement only 
made vibration worse. In the end he 
devised a bearing supported by an as
sembly of washers. The washers were 
of two sizes; washers that were tight 
on the bearing shell (in which the 
shaft ran) but did not touch the bear
ing casing alternated with others that 
were tight in the casing and loose on 
the bearing shell. The entire assembly 
was compressed by a spring. Hence 
some lateral movement of the shaft 
was possible, but vibrations tended to 
be damped out by the large amount 
of friction between the two types of 
washers. 

The arrangement was very success
ful, and those who saw the prototype 
turbine running at the 1885 Inventors 
Exhibition in London remarked 'on 
how smoothly it ran compared with 
contemporaneous steam engines. The 
latter were inevitably the source of 
a considerable amount of vibration, 
which was transmitted through their 
foundations for great distances. 

In Parsons' prototype steam was fed 
through a governing valve to the 

center of the shaft. There the steam 
split, half flowing toward one end of 
the shaft and half toward the other. 
Each separate stream passed through a 
set of turbine wheels. 

One advantage of splitting the flow 
was that any axial force produced by 
the steam when it pushed against the 

LEATHER 
DIAPHRAGM 

CROSS SECTION of Parsons turbine illus
trates the flow of stearn, air and oil in the 
1884 prototype. High-pressure stearn (dark 
red) enters at the center of the shaft and 
flows through turbine blades toward each 
end. Exhaust stearn (light red) flows into two 
cavities joined by an outlet passage in the 
bottom of the casing. Farther out along the 
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blades was neatly balanced out; it was 
. th us unnecessary to eq uip the shaft 
with a special thrust bearing. This con
figuration is still a feature of many 
modern steam turbines. 

Even with Parsons' innovation of 
letting the steam expand in many 
stages, his first prototype ran at the 
high rate of 18,000 revolutions per 
minute. Consequently the centrifugal 
force on the rotor blades was nearly 
13,000 times the force of gravity. To 

keep the wheels from flying apart, he 
employed a very simple design: each 
wheel was made from a single brass 
ring, and the blade passages consisted 
of 45-degree slots cut into the ring's 
circumference. The moving rings were 
keyed onto the steel shaft and locked 
against a central shoulder by screwed 
collars. The fixed rings were split in 

LINK TO STEAM INLET VALVE 

HIGH·PRESSURE 
STEAM 

MOVING BLADES 

half, and each half was keyed onto ei
ther the top or the bottom of the tur
bine casing. To allow for the increase 
in the volume of the steam as it ex
panded, the blades increased in length, 
in three increments, from .2 inch to .28 
inch. Each blade's leading edge was 
beveled to improve the flow of steam. 

The turbine'S high rate of rotation 
had other implications as well. None 
of the means for reducing speed (such 
as gear trains) available at that time 
were suitable for such high speeds. 
Consequently the simple fly ball gover
nors used on steam engines could not 
be used; they would have been torn 
apart by centrifugal forces. Instead 
Parsons developed a completely new 
type of governing device. A centrifu
gal fan, mounted on the turbine shaft, 
was connected to a sealed set of pipes 

that were filled with air. As the fan 
spun it evacuated air from the system 
of pipes, creating a suction effect. The 
suction effect acted on a leather dia
phragm at one end of the system. The 
diaphragm was in turn linked by a 
shaft to a governor valve, which con
trolled the flow of steam into the tur
bine. When the turbine spun faster, the 
centrifugal fan created a greater suc
tion on the diaphragm; the valve linked 
to the diaphragm then reduced the 
amount of steam going into the tur
bine and thereby slowed the turbine'S 
rate of rotation. 

This governor worked well, but it 
was not very precise. Parsons' proto
type turbine powered a dynamo (an 
electric generator). At the time that 
Parsons designed his first turbine in
candescent lamps cost roughfy the 

GOVERNOR FINE·TUNING 
MECHANISM 

shaft are two other cavities, joined in the upper half of the casing, 
in which there is a partial vacuum (blue). Washers, held tight against 
the inside of the casing by suction between the exhaust chambers 
and the partial vacuum, prevent exhaust from escaping along the 
spinning shaft. Lubrication is accomplished by a screw (Jar left) 
that forces oil (yellow) under pressure into the shaft bearing. The oil 
flows through pipes to other bearings. It reaches the central bear
ings by way of the dynamo shaft, which is hollow (center and for 

right). The governor is controlled by a centrifugal fan (left), which 
creates a partial vacuum (blue) in a system of pipes. The vacuum 
causes suction to act on a leather diaphragm, which is in turn linked 
to the valve controlling the amount of stearn let into the turbine. The 
governor is fine-tuned by a mechanism on top of the dynamo. This 
mechanism controls air flow into the sealed system of pipes in ac
cordance with dynamo voltage. Suction in these pipes also draws oil 
that has returned from bearings into a standpipe reservoir (Jar left). 
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BLADED WHEELS were made out of solid brass rings cut with 45-degree slots. The mov
ing wheels were keyed onto the turbine shaft, whereas the fixed wheels were cut in half and 
attached to the two halves of the turbine casing (here the upper half is removed for display). 

a FIXED WHEELS TURBINE SHAFT 

MOVING WHEELS 

ALTERNATING SEQUENCE of fixed and moving blades (a) channeled the flow of steam. 
Steam expanded and accelerated as it passed between fixed blades; they directed the accel
erated flow onto moving blades. Steam expanded in the moving blades as well, propelling 
them by reaction and deflection. Detail (b) shows one of 15 pairs of fixed and moving blades. 

TURBINE SHAFT 

SCREW PUM P 

SHAFT BEARING allowed some lateral movement of the shaft, but it damped vibrations. 
A spring compressed a sequence of washers in which those that fit tightly on the bearing 
shell (in which the shaft ran) but did not touch the casing alternated with others that were 
tight in the casing but loose on the shaft. The shaft required some freedom of movement 
so that minor imbalances would not cause it to be damaged; friction between the wash
ers damped out vibration. A screw (left) fed oil (yellow) into the bearing from a rest;rvoir. 
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price of a quarter-ton of coal; if they 
were not to be burned out by power 
surges (as frequently happened where 
steam engines were used), the voltage 
generated by the dynamo could not 
vary by more than about 1 or 2 per
cent. Parsons therefore eq uippe.d his 
governor with a fine-tuning mecha
nism that depended directly on the dy
namo voltage. 

The voltage at the terminals of a dy
namo is proportional to the magnetic 
field that surrounds its pole pieces. 
Parsons placed an arm of soft iron, 
which was connected to an adjustable 
spring, at the top of the dynamo poles. 
The iron arm tended, against the re
sistance of the spring, to align itself 
with the magnetic field; the degree of 
alignment depended directly on the 
strength of the field, which in turn de
pended on the dynamo voltage. As 
the arm moved it carried a brass fin
ger with it. The finger progressively 
blocked off more or less of the end of 
a pipe that was part of the air system 
connected to the centrifugal fan. 

As the magnetic field strength in
creased, the finger progressively closed 
off the end of the pipe. This prevented 
air from leaking into the pipe system 
and enhanced the suction effect creat
ed by the centrifugal fan. The leath
er diaphragm, which was connected to 
the governing valve, was then sucked 
in, closing the steam inlet valve and 
allowing less steam into the turbine. 
The speed of the turbine was thus di
rectly governed by the output voltage 
of the dynamo. Parsons' fine-tuning 
mechanism was one of the first servo
motors, a class of feedback devices 
that require only small amounts of 
power to regulate the flow of far great
er amounts of power. 

The centrifugal fan, which was an 
important part of Parsons' gover

nor, also had a role in his lubrication 
system. Because the turbine shaft spun 
at such a high rate, lubrication had 
to be absolutely reliable. Parsons at
tached a screw to the end of the shaft 
and placed it in the opening of an oil 
reservoir. The screw forced oil under 
pressure into the shaft bearing. The oil 
was also passed through a system of 
pipes to the far end of the dynamo 
shaft. The dynamo shaft was hollowed 
out so that the oil could flow through it 
to the central bearings, cooling the dy
namo's armature in the process. The 
oil returned, under the influence of 
gravity, to a central junction. The main 
oil reservoir was connected by a stand
pipe to the system of air-filled pipes 
that was attached to the centrifugal 
fan. The suction generated by the fan 
served to draw oil up from the central 
junction back into the main reservoir 
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so that it would reach a level suffi
cient to feed the screw pump. 

Another innovation of Parsons', one 
that is still used in modern turbines, 
was his method of ensuring that steam 
did not leak from the ends of the tur
bine shaft into the engine room. Any 
attempt to make the casing a close fit 
on the shaft would have resulted in 
severe rubbing as the shaft passed the 
"whirling" speed. He therefore de
signed a close-fitting collar that would 
allow the shaft to move relatively free
ly until the steady running speed was 
reached; when the turbine was up to 
speed, the collar acted as an effective 
seal, keeping the exhaust steam with
in the turbine. 

The collar was held in place, once 
the running speed was reached, by a 
suction effect established between the 
exhaust channel and a chamber con
taining a partial vacuum. The exhaust 
steam ran from two cavities (one at 
each end of the shaft) through an out
let passage cast in the lower section of 
the turbine casing. Farther out along 
the shaft than each of the exhaust cavi
ties was another cavity. A passage cast 
into the upper section of the casing 
connected these outer cavities to each 
other. Parsons placed a collar, which 
was a tight fit on the shaft, inside each 
of the inner cavities. He also used a 

TURBINE 
SHAFT 

steam ejector pump to create a partial 
vacuum in the outer cavities. When the 
turbine was running at low speed, the 
collar was free to move with the shaft. 
As the running speed was approached, 
however, a pressure differential built 
up between the inner cavities (which 
were receiving low-pressure exhaust 
steam from the turbine) and the outer 
cavities (in which there was a partial 
vacuum). The pressure difference be
tween the cavities held the collar tight
ly to the turbine casing and sealed the 
cavities from each other. 

What kind of upbringing and edu
cation shaped Parsons' talents, 

enabling him to solve the problems 
that had thwarted development of the 
turbine? Some influences are clear. 
Parsons was the youngest son of a 
family that had been given land at 
Birr, in County Offaly, Ireland, early 
in the 17th century. Charles's father, 
the third earl of Rosse, was himself 
an accomplished scientist. He made 
significant contributions to the tech
niques of casting and grinding large 
telescope mirrors, and in 1845 he con
structed a reflecting telescope in his es
tate workshops that was to remain the 
largest in the world for several dec
ades. He discovered spiral nebulas, 
and he served as president of the Roy-

al Society of London from 1849 until 
1854. He sat in Parliament, and in or

der to attend to his parliamentary du
ties he kept a house in London. The 
family used to live there for a part of 
each year and often entertained mem
bers of the scientific community. 

The Parsons children were not sent 
away to school. Instead the astrono
mers employed to work with the tele
scopes at night were also expected to 
tutor the children by day. In addition 
the boys were encouraged to use the 
estate's workshops and foundries for 
themselves. The manual, practical 
skills Charles thereby acquired were 
to be of crucial importance when he 
constructed his prototype turbine. 

Charles enrolled at Trinity College, 
Dublin, and later transferred to St. 
John's College at the University of 
Cambridge, from which he was gradu
ated in 1877. He studied mathematics 
there under such teachers as Edward 
J. Routh, who at that time was writing 
on the stability of steady motion and 
was particularly concerned with the 
behavior of engine governors. 

Up to this point Parsons had enjoyed 
an exceptionally privileged upbring
ing. It was completed in an extraordi
nary way, considering his social sta
tion: he apprenticed himself to George 
Armstrong, the famous manufacturer 

ADJUSTABLE SPRING 

GOVERNOR SYSTEM controlled the quantity of steam allow"ed into the turbine so that 
output voltage of the dynamo varied by less than 1 percent. A centrifugal fan (left) on the 
turbine shaft created a suction effect on a leather diaphragm. The diaphragm was connect
ed to the turbine's steam inlet valve. As the turbine spun faster, suction increased and the 
diaphragm contracted; the inlet valve reduced the steam flow, slowing the turbine's rota
tion. A fine-tuning mechanism (right) linked the governor's action to the dynamo voltage. 
A soft iron arm on top of the dynamo turned against a spring; the arm's position depended 
on the strength of the magnetic field surrounding the dynamo poles, which depended in turn 
on the dynamo voltage. A brass finger moved with the arm; it blocked the opening of a pipe 
that leaked air into the sealed system. As dynamo voltage grew the finger blocked more of 
the opening; suction on the diaphragm increased and less steam was let into the turbine. 
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SCIENCE/SCOPE 

Two communications satellites rescued by NASA's space shuttle in November are being refurbished to 
be launched again. The spacecraft were brought back to Earth after shooting into way ward orbits nine 
months earlier when their rocket motors misfired. Spacecraft controllers at Hughes Aircraft Company 
spent months taming the satellites and bringing them into orbits low enough that they could be reached 
by the shuttle. Their efforts were the most sophisticated series of orbital maneuvers ever attempted. In 
addition, Hughes and NASA engineers worked tirelessly to develop hardware that permitted the actual 
recovery. The satellites emerged in good condition. Most of the electronics were never turned on, but 
certain items-batteries, thermal blankets, and thrusters-are being replaced. 

An Air Force radar is helping customs officials detect drug smugglers along the southern border of the 
US. The radar, a current production version of the AN/APG-63 installed in the F-15 Eagle fighter, is 
carried by a Navy P-3A Orion long-range patrol aircraft. The APG-63 radar was adapted easily to the 
special requirements of the US. customs service by making small changes to its versatile software 
sy stem. These special requirements include detecting and tracking slow, small low-fly ing aircraft of 
the ty pe used to smuggle contraband into the country. The radar detects both airborne and surface 
moving targets and provides vectoring information to enable the US. Coast Guard or other government 
agencies to intercept suspects. The Customs Service plans to operate a fleet of six Orions equipped 
with the Hughes radar. 

A computer center for improving productivity is one special feature of a new 500,000-square-foot 
facility at Hughes for manufacturing sophisticated electro-optical devices for the military. The 
computer-aided manufacturing center serves several purposes. It allows engineers to design tools and 
fixtures with the aid of computer graphics. It also lets them write specifications, planning procedures, 
and test procedures-and be checked automatically by computer. By gathering data from automatic 
test equipment, the center gives engineers insight into every facet of manufacturing, including 
production rates and quality. 

A new 5-volt-only, 2 56-bit nonvolatile random access memory combines the data retention capabilities 
of an EEPROM with the convenience of a CMOS RAM. The Hughes circuit, designated H13500, is 
designed for such applications as reconfigurable sy stems and fault protection without battery back-up. 
It is organized as 64x4 bits. Both the read and write operations are performed as in a standard CMOS 
RAM. A single store operation transfers all data in the RAM cells in parallel to the background 
EEPROM array. The recall operation restores data in parallel to foreground RAM cells. 

A broad spectrum of technologies, many of which grew up within the past five years, are represented 
in the products of Hughes Industrial Electronics Group. Six divisions and two subsidiaries, each 
operated like a small high-tech company but backed by resources of its multibillion-dollar parent, 
offer career benefits to qualified engineers and scientists. Advancing technologies such as microwave 
and millimeter-wave communications, silicon and GaAs solid-state circuitry, fiber optics, and image 
processing equipment are pursued in facilities located in many of Southern California's most desirable 
coastal communities. Send y our resume to B. E. Price, Hughes Industrial Electronics Group, Dept. S2 , 
p.o. Box 2999, Torrance, CA 90509. Equal opportunity employer. US. citizenship required. 

For '\lore information write to: P.O. Box 11205, Dept. 67-9, Marina del Rey, CA 90295 

HUGHES 
AIRCRAFT COMPANY 
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of naval guns, at his Elswick factory in 
Newcastle upon Tyne. It would be in
teresting to know what led to Parsons' 
decision, because in those days the 
sons of the wealthy rarely turned to 
engineering as a career. 

Parsons earned the reputation of be
ing Armstrong's most industrious ap
prentice. During his training he' got 
permission to work on a revolutionary 
steam engine in which the cylinders ro
tated, and he took out several patents 
between 1877 and 1882. Examination 
of these patents reveals that he used 
the technique of forced lubrication 
more than a decade before its use by 
A. C. Pain, who is generally credited 
with its invention. Until this time bear
ings had ·been drip-fed and required 
constant attention; the development of 
forced lubrication was of great impor
tance for high-speed machinery and 
was to prove essential for turbines. 

It seems likely that Parsons' thoughts 
first turned toward turbines while 

he was still a student.. Lord Rayleigh 
quotes a contemporary at Cambridge 
who had been shown a toy paper en
gine in Parsons' rooms, the wheels of 
which "simplY flew around" when Par
sons blew on it. Parsons said of it that 
it would "run twenty times faster than' 
any machine." 

His serious experimentation with 
turbines began while he was at Armc 
strong's. From 188 1 to 1883, the years 
just after he finished his apprentice
ship, Parsons. worked in partnership 
with.James Kilson of Leeds on gas
propelled torpedoes. Much of Arm
strong's business was concerned with 
naval weapons,' and it is likely that 
Parsons' employer would have en
couraged experiments on a novel form 
of torpedo propulsion. In these torpe
does a propellant was burned to pro
duce jets of high-pressure gas. The jets 
impinged on the blades of a spinner, 
setting it in motion. The spinner in turn 
powered the torpedo's screw propeller. 

In Parsons' notebooks there is no 
clear indication of the configuration of 
the spinners, but we can gain some idea 
of how they were constructed. from a 
small boat he built at about this time 
out· of copper sheeting. The boat was 
driven by a three-bladed screw propel
ler mounted under the hull. .The pro
peller was mounted inside a large ring· 
and the circumference of the ring was 
cut to form passages for the impinging 
jets of gas. The outer ring contained 44 . 
passages; each passage was cut as a spi
ral. When gas was forced through the 
passages, the resulting deflection force. 
made the ring turn. As the ring turned, 
the propellor turned with it, driving the 
boat forward. 

Parsons' early turbine exper.iments 

TURBINIA was the first turbine-powered ship. Completed in 1894, the Turbinia achieved 
a record speed of 34 knots. Turbine power became standard for propulsion of larger craft. 

thus involved gas, not steam, turbines. 
He abandoned work on the gas tur
bine in. 1883, although his patent spec
ification of 1884 does describe the 
modern gas-turbine cycle. Years later 
he explained that "experiments made 
many years ago, some of which were 
directed to ascertain the. possibility of 
a gas turbine, convinced me that with 
the metals now at our disposal . . .  to 
cause flame, whether at full heat or 
cooled by an admixture of steam or 
water, to impinge· on the blades, was 
the wrong method." His judgment was 
a sound one: suitable materials for 
components of gas turbines were not 
available until a decade or so' after' 
his death. 

Early in 1884 Parsons joined Clarke 
Chapman and Company as a junior 
partner at Gateshead, where he set to 
work on the design of a steam turbine. 
As late as August, 1883, his notebooks 
on the torpedo experiments showed 
that he had not then grasped the im
portance of matching the speed of the 
turbine blades to that of the gas jets. 
Nor did he appreciate the problems. of 
nozzle design with large pressure ra
tios. Yet by April, 1884, he had filed 
two provisional patents and in October 
and November of that year he had filed 
the detailed final specifications. 

. It· was a period of incredible cre
ativeness. Not only did Parsons have 
to experiment with high-speed shafts 
and other features of the turbine but 
also he had to devise a suitable means 
of utilizing the' output of his motor. 
Running at 18,000 r.p.m., it was un� 

suited· to any conventional tasks. He 
chose· to develop a dynamo capable 
of speeds that few modern electrical 
machines can match, .which could be 
coupled directly to the turbine. Par
sons often said in later years that this 
achievement was as great as the con
struction of the. turbine itself. Even 
today the chief application of steam 
turbines is to drive directly coupled 
electric generators. 

The early machines were not effi
cient. Until these "steam eaters" 

had grown in output to the point where 
they matched the economy of the con
ventional steam engine, they needed 
special features to attract customers. 
These were provided. in their small 
physical size,. the steadiness of their 
electrical output, their ability to run 
unattended and their low maintenance 
costs; all these characteristics were 
present in the first machine. 

In November, 1884, when his pro
totype was completed, the Honorable 
Charles A. Parsons was just 30 years 
old. Engineering genius and an instinct 
for the needs of the market were not 
in themselves sufficient gifts to. ensure 
that his invention would be brought 
quickly to maturity. On a number of 
occasions he had to draw on his own 
personal wealth to fund his work. In 
1898, during judicial proceedings to 

extend the life of his. patents, it was 
computed that up to that point the de
velopment of the turbine had cost him 
the net sum of 1, 107 pounds, 13 shil
lings and 10 pence. 
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THE AMATEUR 
SCIENTIST 

Experiments with the external-combustion 

Ruidyne engine, which has liquid pistons 

by J earl Walker 

The fiuidyne engine is a remark
able device that takes its name 
from the fact that it has liquid 

pistons. Like its dose relative, the sol
id-piston Stirling engine invented in 
1816 by the Reverend Robert Stirling 
of Scotland, it is useful as a laboratory 
or workshop aid in studying aspects of 
thermodynamics. Some of the engines 
might also serve as inexpensive pumps 
for irrigation. Colin D. West of the 
Oak Ridge National Laboratory has 
investigated several fiuidyne engines; 
his work provides the basis for much 
of my discussion. 

You can picture the operation of a 
fluidyne engine by envisioning a pair 
of U tubes side by side [see upper illus
tration on opposite page]. The tube on 
the left is called the displacer, the tube 
on the right the output. Each one con
tains water or some other liquid. A 
smaller tube across the top connects 
the two openings at the top of the dis
placer tube with the left-hand open
ing at the top of the output tube, so 
that air can move back and forth be
tween the two U-shaped tubes. The en
gine delivers the energy it develops 
from the right-hand opening at the top 
of the output tube. 

The engine develops energy because 
the upper left-hand end of the displac
er is kept hot by an external source of 
heat whereas the companion end on 
the right side is kept cold, either by an 
external source of refrigeration or sim
ply by the fact that the liquid there is 
not heated. Hence the left side of the 
displacer is in effect a hot cylinder and 
the right side is a cold cylinder. 

You start the engine by turning on 
the heat source. When the temperature 
gets high enough, the water becomes 
unstable and begins to oscillate slight
ly from side to side in the displacer. 
When water flows from the hot cyl
inder to the cold one, air is pushed 
through the connecting tube to the hot 
cylinder. As that air warms, the pres
sure in the entire connecting tube in-
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creases, driving down the column of 
water in the left side of the output unit, 
so that the water in the right side rises. 
Here is the energy that can be har
nessed to do work. 

The cycle is completed as the weight 
of the water in the cold cylinder forces 
water to flow from that cylinder into 
the hot one. The motion of the water 
drives air to the cold end, where it 
cools, decreasing the air pressure. By 
then the weight of the water is forcing 
the level in the right side of the output 
unit down from its highest point. The 
low pressure in the displacer unit also 
helps to pull the water in the output 
unit toward the displacer. If the water 
in the displacer continues to oscillate, 
the variation in air pressure produces 
corresponding oscillations in the water 
in the output unit; as a result .the wa
ter level on the right side of that unit 
sweeps through a large volume. The 
water in the unit can then function as a 
piston to do work. 

In order for the system to function 
efficiently and yield a net output of en
ergy, the oscillation in the output must 
be tuned to match the frequency of the 
oscillation in the displacer. The task is 
accomplished by adjusting the size of 
the output tube and the amount of wa
ter it contains. 

If the output tube is too narrow or 
contains too much water, the increase 
in air pressure in the displacer is insuf
ficient to make the water on the right 
side of the output sweep through a 
large volume. If the amount of water 
is too small, the water is too easy to 
move. When air is transferred from the 
cold cylinder, some of it can flow into 
the space made available in the output 
tube. This air is not heated, and the 
air pressure does not increase much. 
When the air pressure in the displacer 
unit barely changes, the inward and 
outward flows of the water in the out
put unit require almost equal amounts 
of energy; consequently there is little 
energy for the output piston. 

Some means must be provided to 
keep the water in the displacer oscillat
ing. One method is to mount the engine 
on a pivot and connect a spring be
tween the output tube and the floor. 
As the water oscillates in the output 
unit, its shifting weight sets the spring 
in motion; the spring action helps to 
maintain the oscillation of the water in 
the displacer unit. 

Another technique relies on a feed
back of energy from the water oscillat
ing in the output [see upper illustration 
on page 142]. That unit is connected to 
the displacer below the side of the tube 
that constitutes the hot cylinder. As 
a result the hot and cold cylinders 
contain unequal amounts of water. 
(In each case the volume is measured 
from the water level in the cylinder to 
the connection with the output unit. In 
the hot cylinder that is a short distance; 
therefore the volume of water it con
tains is easier to move than the larger 
volume in the cold cylinder.) 

The frequency of oscillation is the 
same in the displacer and output units 
but the oscillations are about 90 de
grees out of phase. In the first stage the 
water level is at the maximum in the 
hot cylinder and between the midpoint 
and the minimum in the cold cylinder. 
The level in the output unit is falling 
through the midpoint. 

As the level in the hot cylinder falls, 
the level in the cold one rises rapidly 
because it is receiving water from both 
the hot cylinder and the output unit. 
Air is displaced into the hot cylinder, 
where it warms, increasing the air pres
sure in the displacer unit. Since the wa
ter in the hot cylinder is easy to move, 
it is driven downward rapidly by the 
increasing air pressure. Some of the 
water pushes into the output, driving 
the water on the right side upward. 
When the water in the hot cylinder 
reaches its minimum level, the water in 
the output continues to rise because 
that unit is now drawing water from 
the cold cylinder. The continued rise in 
the output unit's level promotes a drop 
in the cold cylinder's level. 

By the time the fluid level in the out
put unit reaches its maximum the lev
el in the cold cylinder is falling, driv
ing the level in the hot one upward. At 
the same time air is being moved to the 
cold cylinder of the displacer, where it 
cools. As a result the pressure in the 
displacer falls. When the level in the 
output unit begins to drop, it pushes 
water into the displacer. Again the wa
ter in the hot cylinder is easy to move, 
so that the water arriving from the out
put pushes into the hot cylinder, help
ing the level to rise there. 

The interaction between the output 
unit and the displacer unit helps to 
maintain the continued oscillation of 
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water in the displacer even though 
there is a loss of energy owing to vis
cosity. When the level in the output 
unit approaches its maximum, the out
put tube is pulling water from the cold 
cylinder. When the level in the output 
unit is falling toward the midpoint, the 
water there is pushing water into the 
hot cylinder, causing the level to rise in 
that cylinder. 

Has there been a gain of power? Can 
one call this system an engine? Al
though power was supplied to the out
put unit during the outward push of 
water, power was consumed in push
ing water back into the displacer. If the 
amounts of power involved in the two 
motions are equal, there is no net gain. 

The answer is that the amounts of 
power are not equal, because the air 
pressure in the displacer unit changes. 
When the water in the hot cylinder 
is propelled downward and into the 
output tube, the air pressure is high. 
Hence a good deal of power is pushing 
the water in the output tube upward. 
When water is pushed back into the 
dis placer unit, it moves against a lower 
air pressure. Less power is needed. The 
system achieves a net gain of power, 
and the output could be coupled to 
something else to do work. 

In some fluidyne engines the output 
of the heat source is sufficient to vapor
ize some of the water. Even though 
this consumes quite a bit of energy, the 
increased amount of water vapor in 
the air of the displacer leads to great
er variations in air pressure. Therefore 
the engine generates more power. 

Much of the interest in fluidyne en
gines focuses on their potential as 
pumps. One technique is called a se
ries arrangement. A vertical pumping 
tube is attached to one end of the out
put unit [see illustration at lower left 
on next page]. It contains two ball 
valves positioned so that water can 
flow only upward through them. At 
the bottom of the pumping tube is the 
supply of water that is to be pumped. 

When the air pressure in the displac
er unit is low, water moves from the 
output into the displacer. Consequent
ly water is drawn up from the supply 
and passes through the bottom valve. 
When the air pressure in the displacer 
is high, it pushes water from the dis
placer into the pumping tube, forc
ing a discharge through the top valve. 
This cycle, repeated indefinitely, con
stitutes the pumping action. 

A better design is the parallel ar
rangement [see illustration at lower rignt 
on next page]. The vertical pumping 
tube is mounted between the displacer 
unit and another vertical tube that is a 
continuation of the output unit. The 
volume of water moving through the 
output is greater than the volume go-

ing through the valves. Because the 
output is tuned to match the frequency 
of oscillation in the displacer, the os
cillations of the output provide a feed
back that helps to maintain the oscilla
tions in the displacer. The arrangement 
produces steadier pumping. 

Afluidyne engine can be made with 
glass tubing. David Herbert of the 

Atomic Energy Research Establish
ment at Harwell in England has creat
ed such a device [see top illustration on 
page 143]. High temperatures and large 
variations in temperature require that 
it be made with borosilicate glass. The 
valves in the pumping tube are glass 
beads or balls taken from a bearing. A 
16-watt quartz halogen projector bulb 
provides the heat for the displacer unit. 

Similar engines (even larger ones) 
can be driven by sunlight if the beam is 
focused on the displacer arm by a lens. 
(An inexpensive Fresnel lens made of 
plastic will do.) The focal point should 
be at approximately the mean water 
level in the hot cylinder. A reflector 
mounted on the back of the cylinder 
intensifies the effect by sending some 
of the light back through the water. 
Blackening one side of the cylinder 
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driven outward. 
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might also amplify heat absorption. 
Alternatively, you could darken the 
water by adding ink to it. 

Even a simple flame can drive this 
type of fluidyne engine. John Geisow 
of the U.K. Atomic Energy Research 
Establishment has designed an engine 
heated by an alcohol lamp or a candle. 
A short length of thin aluminum ex
tends upward from just above the 
flame to the hot cylinder. The strip is 
tilted against the cylinder so that fric
tion holds it in place. This strip fun
nels heat to the cylinder by convection 
and also delivers heat by conduction 
through the metal. 

A group in the same laboratory has. 
designed a fluidyne engine based on a 
glass fruit jar (two-pound capacity). A 
coiled tube inside the jar serves as the 
output unit. It is 2.14 meters long and 
has an outside diameter of nine milli
meters. (The tube could be as much as 
14 centimeters shorter or 36 centime
ters longer.) The tubing is coiled eight 
times in circles that have an outside 
diameter of 8.5 centimeters. One end 
of the coil fits loosely into the hot cyl
inder of the disptacer, which is an in
verted U tube mounted on the lid of 
the jar. The other end is linked to the 

Air GOob, 
cl.ecrea.5inq 
o.i r pre��ur�. 

liquid pi:='1on 
pulled 'Inward 
by decrea.5cd. 

air pre.5�ure.. 

The actioll of a fluidYlle engille 

Hot cylinde.r 
< 

Pivot on which --v----"-'-�I 
engine... i::. mounttd 

vOutput 

A fluidyne engille moullted Oil a mechanical rocker 
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pumping tube by means of a plastic 
tube that will not kink. 

You can make the displacer tube by 
blowing the glass, or you can connect 
two glass cylinders with a short length 
of plastic tubing. A hair dryer that runs 
at a high temperature can serve as the 
heat source; otherwise an ind ustrial 
hot-air blower is best. 

Without a pumping tube the engine 
needs little adjustment. With a pump
ing tube you have to set the water 
levels in the cylinders carefully. The 
length of output tube inserted into the 
hot cylinder is also critical. Properly 

. adjusted, the engine can pump about 
19 liters (five gallons) per hour. 

West has designed a plastic fiuidyne 
engine that works on the liquid-feed
back principle [see upper illustration on 
page 144]. Its front and back are made 
of clear acry lic 1/8 inch thick. Between 
them are 3/ 8-inch acrylic strips. The 
heat source IS a three-watt, 20-ohm, 
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t 
: :r \ MClximum -

c !; ?ll Short ;\ . h distance .' .• ".0"7. 7CC-�=C"7C-,! . . /.'r:.:. 
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wire-wound resistor. Leads from the 
resistor pass through the rear cover 
plate (surrounded by glue to prevent 
leakage) and are connected to a low
voltage transformer of the type em
ployed in doorbells. It supplies alter
p.ating current to the resistor at a volt
age level of nine volts and a power 
level of four watts. That exceeds the 
power rating of the resistor, but the 
resistor is in water and so stays suffi
ciently cool. The leads from the resis
tor are not insulated because there is 
little leakage of current between them 
in the liquid. 

West sometimes adds sugar (30 per
cent by weight) to the water to increase 
the efficiency of the machine. Al
though the sugar increases the viscosi
ty of the liquid, making the oscillations 
in the displacer harder to maintain, it 
also dramatically reduces the loss of 
heat from the liquid in the hot cylin
der. When the system contains sugar, 

High prcs�un::.. in disp)aCL, 
pll5hes Y'lo:\e.r into output 

Output 

West applies 12.6 volts to the resistor. 
Why does sugar enhance the ma

chine's efficiency? Hot water moving 
downward during the oscillations es
tablishes a thin boundary layer next to 
the cylinder walls. Viscosity keeps the 
boundary layer from moving. With
out sugar the boundary layer is thin 
enough so that the water can transfer 
heat to the wall, whence the heat is lost 
to the ambient air. It is therefore diffi
cult to maintain a suitable temperature 
in the hot cylinder. Sugar increases 
the viscosity, thickens the boundary 
layer and decreases the loss of heat. 

West urges caution in the use of sug
ar. It can make a mess, particularly if 
the engine is not operated for a while 
(the sugar comes out of solution and 
forms a cake) or if the resistor is over
heated (the sugar caramelizes). You 
might substitute some other substance, 
such as glycerin. 

West has built another fiuidyne en-

Interactions between the displacer and the output tubes 
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gine of wood [see lower illustration on 
.next page]. Each front and back cover 
plate is 13 by six inches in length and 
wid th and 3/4 inch thick. The spacers 
between the cover plates are 1.5 inch 
wide and 3/4 inch thick. Brass screws 
and waterproof glue hold the engine 
together. 

This engine's hot cylinder is heated 
by a 10-ohm resistor (bought from Ra
dio Shack) rated at 10 watts. Leads run 
from it to small bolts driven through 
the wood. They are connected to a 
transformer operated at 12.6 volts, so 
that the power delivered to the resistor 
is about 15 watts. 

The top of the cold cylinder contains 
a folded sheet of thin aluminum foil 
that serves to maintain a uniform tem
perature there; the foil receives heat 
from the hot air at one stage of the 
cycle and gives it up to the water at 
another stage. A can of water attached 
to the cold cylinder provides extra 
cooling. When the air pressure in the 
engine increases, some of the water in 
the cold cylinder is forced into the can. 
It mixes with the water already there 
and loses the heat it has picked up 
from the foil. When the air pressure in 
the engine decreases, the cooled water 
is pulled back from the can. 

The engine's output unit is made of 
clear plastic tubing. The engine is filled 
through a funnel on top of the unit. 
West mounts a hypodermic needle in 
the top of the engine, holding it in 
place with silicone rubber. The needle 
keeps the average air pressure in the 
engine above the output unit near at
mospheric levels. Without the needle 
you would have to open the engine oc-

, casionally to let off pressure. 
A folded aluminum or ceramic hon

eycomb inserted in the top of the cold 
column enhances the operation, of 
many fiuidyne engines, particularly 
the larger ones. Even short lengths of 
drinking straws can serve the purpose. 
The material is intended to take up the 
heat from the hot air arriving from the 
hot cylinder. The material is 'cooled 
later as the water level rises in, the 
cold cylinder. (Avoid material that 
has holes small enough, to trap water 
by surface tension; it will keep the wa
ter level from osciliating properly.) In 
larger. engines a similar material may 
be needed in the tube that passes air 
between the hot and cold cylinders. In 
engines where evaporation of the wa
ter has a role, however, the material in 
the connecting tube is unimportant. ' 

A fiuidyne engine is generally self
starting. The oscillations begin when 
the temperature in the hot cylinder 
gets,high enough, If the engine depends 
on a mechanical rocking mechanism, 
you might have to start the oscillations 
by rocking the unit yourself. A pump-

Fivt- mil I imcJc.r 
1ube. 

Wo.trr kvc:I j : ,
' 

b60rc engine. 
5to.rtv. 

Fou.r -millime-ter 
tube. 

Onc.-cU1tlmekr 
tube. 

Cold cylinde,f cooled by 

J
ambi,"i air. 

David Herbert's jluidyne pump 

Cold cylinder 
cooled by 
ambient air �! 

160 millimekr5 

.sealed top 

<' 

" 
.,� \ '  I ����' , ',',: Coiled 

" ', ,' ) output tube. 
' .. � 

:--,,��-:-�·-�,· ·t �nd'il��2iil 
A jluidyl/e engille based 011 a fruit jar 
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A defense 
against cancer 

can be cooked up 
in your kitchen. 

There is evidence q 
that diet and cancer v 
are related. Some \ .. � 
����r��il�rgt��r

t:may'� 
protect you from it. 

. 

Foods related to low
ering the risk of cancer 
of the larynx and esoph
agus all have high 
amounts of carotene, a 
form of Vitamin A 
which is in canta
loupes, peaches, broc
coli, spinach, all dark 
green leafy vegeta-
bles, sweet potatoes, 
carrots, pumpkin, 
winter squash, and 
tomatoes, citrus fruits and 
brussels sprouts. 

Foods that may help reduce the 
risk of gastrointestinal and respira
tory tract cancer are cabbage, 
broccoli, brussels sprouts, kohl
rabi, cauliflower. 
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Fruits, vegetables and whole
grain cereals such as oat

meal, bran and wheat 
may help lower the 

risk of colorectal 
cancer. 
Foods high in fats, 

salt- or nitrite-cured 
foods such as ham, 

and fish and types of 
sausages smoked by traditional 
methods should be eaten in 
mode.ration. 

Be moderate in consumption 
of alcohol also. 

A good rule of thumb is cut 
down on fat and don't be fat. 
Weight reduction 
may lower cancer 
risk. Our 12-year 
study of nearly a 
million Americans 
uncovered high 
cancer risks partiC
ularly among people 
40% or more overweight. 

Now, more than ever, we 
know you can cook up your 
own defense against cancer. So 
eat healthy and be healthy 

No one faces 

I cancer alone. 

t AMERICAN CANCER SOCIE1Y® 

ing engine may need similar assistance. 
West says that fluidyne engines of

fer many experimental opportunities. 
What parameters of size and heating 
are best? If the engine is not designed 
for pumping, would a fluid other than 
water be an improv�ment? A book by 

V4' output 

5pacers be1wem 
cover plate5 
A- 1/i' � :) '3/4" x 3fa" thick. 
B- YzI' � 21/4' x 3/8" thicK 

West on fluidyne engines is listed in 
"Bibliography" [page 146]. The book 
presents designs for more engines and 
different pumping configurations, to
gether with discussions of the physi
cal principles that explain how the 
engines work. 

\14" cold 
cyllV\dc:.r 

C-1Y4' � 2' '1.'3/8' thick 5A6' 
A plastic version built by Colin D. West 

ReSisior 'In 
top of hot 
cylinde.r 

Output IUD1:� ___ 1 

�pa.Ctr5 bdViWl 
from and back 
CDver platt:) are roch 
\ Vz." wide.. tiy �%' thick. 

3/B" tall air filled 
pa'S�o.ge connecting Hypodermic needle 
hot and cold cylinders 

West's wood engine 

folded aluminum roi I '1\1 
top of wid cylinc\e..r 

Jar or wn with 
approximate.ly . �ix

ounce.. capaCity 
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THE SCIENCE OF WILDLIFE MANAGEMENT: I /' 

The Future of our Wildlife Depends on It 
Research 
The precarious future that many species of North 

American wildlife faced around the turn of the 

century provided the impetus for the establishment of 

our first wildlife parks and refuges. Though initially 

effective, these early efforts aimed at helping wildlife 

soon developed serious shortcomings. The concept of 

providing complete protection, including the elimination 

of natural predators, to certain species was successful in 

building up threatened herds of animals, including elk 

and deer; however, as early as the 1920s, populations in 

many areas were outstripping their available food 

supplies. 

Such problems helped spur the rapid growth of the 

modern science of wildlife management. Early wildlife 

management professionals were the first to recognize the 

vital importance of vegetation and other aspects of the 

natural environment that supported wild animal 

populations. This new understanding of the 

relationship between wildlife and habitat helped 

lead to the practical steps necessary to ensure the long
term abundance and health of certain kinds of wildlife. 

Extensive biological research is the foundation on which 

all management programs are built. Studies on animal 

numbers, their distribution, food preferences and the like 

provide a detailed picture of a species' needs and habits. 

Bird banding projects, such as these, help determine a 

species' seasonal and local movements and can provide 

information on age, longevity and other vital characteris

tics important in developing successful conservation 

programs. 

Over the years, it has been the American hunter who, 

through license fees and excise taxes, has provided the 

lion's of the funds necessary for these conservation 

Narional Shooting Sports Foundation 
1075 POSI Road 
Riverside. Conn. 06878 

© 1985 SCIENTIFIC AMERICAN, INC



BIBLIOGRAPHY 

Readers interested in /urther explana
tion o/the subjects covered by the articles 
in this issue may find the follOWing lists 0/ 
publications helpful. 

COMPUTER RECREATIONS 

THE ART OF COMPUTER PROGRAM

MING, VOL. 2: SEMINUMERICAL ALGO

RITHMS. Addison-Wesley Publishing 
Company, 1969. 

SYSTEM SIMULATION WITH DIGITAL 

COMPUTER. Narsingh Deo. Prentice
Hall, Inc., 1983. 

THE GROWTH 

OF CORE REGIONS 

IN THE THIRD WORLD 

URBAN CONCENTRATION, AGGLOMERA

TION ECONOMIES, AND THE LEVEL OF 

ECONOMIC DEVELOPMENT. William 
C. Wheaton and Hisanobu Shishido 
in Economic Development and Cultural 
Change, Vol. 30, No. 1, pages 17-30; 
October, 1981. 

IMPROVED INTERNATIONAL COMPARI

SONS OF REAL PRODUCT AND ITS COM

POSITION: 1950-1980. Robert Sum
mers and Alan Heston in The Review 
0/ Income and Wealth, Series 30, No. 
2, pages 207-262; June, 1982. 

URBANIZATION AND THIRD WORLD 

STABILITY. Henry Bienen in World 
Development, Vol. 12, No. 7, pages 
661-691; July, 1984. 

POPULATION REDISTRIBUTION TO-

WARDS LDC CORE AREAS, 1950-
1980. Daniel R. Vining, Jr., in Interna
tional Regional Science Review, Vol. 
10, No. 1, in press. 

THE EARTH'S HOT SPOTS 

THE ICELAND MANTLE PLUME: STATUS 

OF THE HYPOTHESIS AFTER A DEC

ADE OF NEW WORK. Peter R. Vogt 
in Structure and Development 0/ the 
Greenland-Scotland Ridge, edited by 
Martin H. Bott and Svend Saxov. 
Plenum Publishing Corp., 1983. 

HOTSPOT TRACKS AND THE EARLY 

RIFTING OF THE ATLANTIC. W. Jason 
Morgan in Tectonophysics, Vol. 94, 
No. 1-4, pages 123-139; May 1, 
1983. 

A HOTSPOT MODEL FOR ICELAND AND 

THE V0RING PLATEAU. Gregory E. 
Vink in Journal 0/ Geophysical Re
search, Vol. 89, No. B12, pages 9949-
9959; November 10, 1984. 

THE RELEASE 

OF ACETYLCHOLINE 

THE PRESENT STATUS OF THE VESICU-

146 

LAR HYPOTHESIS. M. Israel, Y. Du
nant and R. Manaranche in Progress 
in Neurobiology, Vol. 13, No. 3, pages 
237-275; 1979. 

CONTINUOUS DETERMINATION BY A 

CHEMILUMINESCENT METHOD OF 

ACEl:YLCHOLINE RELEASE AND COM

PARTMENTATION IN TORPEDO ELEC

TRIC ORGAN SYNAPTOSOMES. Maurice 
Israel and Bernard Lesbats in Journal 
0/ Neurochemistry, Vol. 37, No. 7, 
pages l475-1483; December, 1981. 

ACETYLCHOLINE MEASURED AT SHORT 

TIME INTERVALS DURING TRANSMis

SION OF NERVE IMPULSES IN THE 

ELECTRIC ORGAN OF TORPEDO. Y. Du
nant, G. J. Jones and F. Loctin in The 
Journal 0/ Physiology, Vol. 325, pages 
441-460; April, 1982. 

RECONSTITUTION OF A FUNCTIONAL 

SYNAPTOSOMAL MEMBRANE POSSESS

ING THE PROTEIN CONSTITUENTS IN

VOL VED IN ACETYLCHOLINE TRANS

LOCATION. M. Israel, B. Lesbats, N. 
Morel, R. Manaranche, T. Gulik
Krzywicki and J. C. Dedieu in Pro
ceedings 0/ the National Academy 0/ 
Sciences 0/ the United States 0/ Ameri
ca, Vol. 81, No. 1, pages 277-281; 
January, 1984. 

ELEMENT AR Y PARTICLES 

AND FORCES 

THE NATURE OF MATTER. Edited by 
J. H. Mulvey. Oxford University 
Press, 1981. 

THE DJSCOVERY OF SUBATOMIC PARTI

CLES. Steven Weinberg. W. H. Free
man and Company, 1983. 

GAUGE THEORIES OF THE STRONG, 

WEAK, AND ELECTROMAGNETIC IN

TERACTIONS. C. Quigg, Benjamin
Cummings Publishing Co., 1983. 

SUPERCOLLIDER PHYSICS. E. Eichten, 
I. Hinchliffe, K. Lane and C. Quigg 
in Reviews 0/ Modern Physics, Vol. 56, 
No. 4, pages 579-707; October, 1984. 

COMPARTMENTALIZATION 

OF DECAY IN TREES 

COMPARTMENTALIZATION OF DECAY IN 

TREES. Alex L. Shigo and Harold G. 
Marx. Agricultural Information Bul
letin No. 405, U.S. Department of 
Agriculture, Forest Service, 1977. 

TREE DECAY: AN EXPANDED CONCEPT. 

Alex L. Shigo. Agricultural Informa
tion Bulletin No. 419, U.S. Depart
ment of Agriculture, Forest Service, 
U.S. Government Printing Office, 
1979. 

AN EXPANDED CONCEPT OF TREE DE

CA Y. W. Merrill and A. L. Shigo in 
Phytopathology, Vol. 69, No. 10, pages 

1158-1160; October, 1979. 
MECHANISMS OF COMPARTMENTALI

ZATION OF DECAY IN LIVING TREES. 

Walter C. Shortie in Phytopathology, 
Vol. 69, No. 10, pages 1147-1151; 
October, 1979. 

THE CLOUDS OF MAGELLAN 

MAGELLANIC CLOUDS. B. J. Bok in An
nual Review 0/ Astronomy and Astro
physics, Vol. 4, pages 95-144; 1966. 

THE MAGELLANIC CLOUDS. Edited by 
Andre B. Muller. D. Reidel Publish
ing Co., 1971. 

THE MAGELLANIC STREAM. D. S. 
Mathewson, M. N. Cleary and J. D. 
Murray in The Astrophysical Journal, 
Vol. 190, No. 2, Part 1, pages 291-
296; June 1, 1974. 

ANESTHESIOLOGY 

THE PRESSURE REVERSAL OF GENER

AL ANESTHESIA AND THE CRITICAL 

VOLUME HYPOTHESIS. K. W. Miller, 
W. D. M. Paton, R. A. Smith and 
E. B. Smith in Molecular Pharma
cology, Vol. 10, No. 2, pages 131-
143; March, 1973. 

OPIATE RECEPTORS AND INTERNAL OPI

ATES. Solomon H. Snyder in Scientific 
American, Vol. 236, No. 3, pages 44-
56; March, 1977. 

HISTORY AND PRINCIPLES OF ANESTHE

SIOLOGY. Theodore C. Smith, Lee H. 
Cooperman and Harry Wollman in 
The Pharmacological Basis 0/ Thera
peutics, sixth edition, edited by Alfred 
Goodman Gilman, Louis S. Good
man and Alfred Gilman. Macmillan 
Publishing Co., Inc., 1980. 

PROBING THE LIMITS OF HUMAN DEEP 

DIVING. P. B. Bennett and Melissa 
McLeod in Philosophical Transactions 
0/ the Royal Society 0/ London, Series B, 
Vol. 304, pages 105-117; 1984. 

THE PARSONS STEAM 

TURBINE 

CHARLES PARSONS. Rollo Appleyard. 
Constable & Co., Ltd., 1933. 

STEAM TURBINE THEORY AND PRAC

TICE. William J. Kearton. Pitman 
Publishing Co., 1958. 

THE PARSONS CENTENARY-A HUN

DRED YEARS OF STEAM TURBINES. F. 
R. Harris in Proceedings o/the Institu
tion 0/ Mechanical Engineers, Part A, 
Vol. 198, No. 9, pages 183-224; 1984. 

THE AMATEUR SCIENTIST 

THE STIRLING ENGINE. Graham Walk
er in Scientific American, Vol. 229, 
No. 2, pages 80-87; August, 1973. 

LIQ
'
UID PISTON STIRLING ENGINES. 

Colin D. West. Van Nostrand Rein
hold Company, 1983. 

© 1985 SCIENTIFIC AMERICAN, INC



© 1985 SCIENTIFIC AMERICAN, INC



© 1985 SCIENTIFIC AMERICAN, INC



Not yet, but we're working on it. 
Computers only look smart. 

Actually, they can't tell the players, 
or anything else, without a program. 

But, until recently, even the most 
sophisticated programs only allowed 
computers to operate in "yes" or "no" 
terms. Judgment was still an exclu
sive domain of the human brain. 

Now, however, the rapidly 
developing science of artificial intel
ligence is moving in on the mind. 

At AT&T Bell Laboratories, 
using the new approaches to comput
er programming of knowledge engi
neering and rule-based program
ming, we have developed software 
that can cope -like a human -with 
incomplete and uncertain informa
tion, such as incorrect spelling and 
improper abbreviations. 

The Expert with 
an ACE in the Hole 

Called expert systems, this 
ambiguity-tolerant software is a new 
approach to artificial intelligence in 
industry. And, like the subject mat
ter experts it mimics, our first 
expert system, ACE, works with 
equivocal data, but produces expert 
judgments. 

ACE, for "Automated Cable 
Expertise;' is a software system that 
contains the distilled knowledge -in 
the form of "if-then" rules -of the 
people who know cables best: tele
phone company cable maintenance 
experts. ACE differs from other 
expert systems in two ways: it 
manipulates massive amounts of 
data, and driven by the UNIXT" 
Operating System on a 3B2 computer, 
it obtains this information auto
matically from the data bases of 
other computers. 

Developmental ACE software 
has been working as an "assistant" 
for over two years now to the cable 

maintenance force of the South
western Bell Telephone Company. 
Every night it monitors and analyzes 
the performance of cable systems 
serving over half-a-million custom
ers in several metropolitan areas. 

But ACE does more than ana
lyze; it makes recommendations. 

The Expert at Work 

Unlike a conventional computer 
system, ACE isn't programmed with 
all logical answers to all possible 
problems. Instead, it's given a set of 
about 500 rules to follow. 

ACE can run through the cable 
records of a city the size of Fort Worth 
overnight, a job that would take a 
human up to a week. By collecting 
its information from other computer 
programs, detecting recurring pat
terns, requesting additional data, 
and testing these data against its 
expert-derived rules, ACE can often 
isolate problems much earlier than 
its human counterparts. It provides 
information on both specific trouble 
types and locations-such as a break 
in cable insulation at the corner of 
3rd and Elm. And when ACE has a 
recommendation to make, rather 
than generating a mound of paper, it 
communicates via a CRT. 

ACE frees humans to work on 
the causes of problems, not the 
symptoms. 

The Experts Behind the Experts 

AT&T's skill in software develop
ment rests on a solid base of accom
plishments in the computer field. 
Forty million lines of our software 
direct the world's largest computer 
system, the U. S. telephone network. 
And that experience h> helping to 
make us a leader in new software 
research and design. 

Today, software systems are 
being developed to help computers 

write their own software. W hile 
others make it possible to type data 
base requests in plain English. Our 
Rex expert system, for Regression 
Expert, aids in statistical analysis. 
And we' ve got silicon compilers that 
speed computer-aided design. 
T here's even a program that allows a 
computer to derive new rules based 
on the rules already in its software! 

All these systems are just a few 
examples of software being developed 
today to meet our customers' needs 
for tomorrow. 

As you cross from industry to 
industry, tech-talk sometimes turns 

into baffiegab. We can 
help. In our new book
let, " Tech Talk;' you will 
find the latest terms and 
acronyms from the fields 
of microelectronics, pho
tonics, computers and 
telecommunications. 

To order your copy, 
send $2.00* to AT&T, Department A, 
P.O. Box 4, Hawthorne, NJ 07507. 

*Please add 6% sales lax for all orders originating in 
New Jersey. 

. 
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-

ATs.T 
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