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197 feet in diameter, produced by the quarrying of an estimated 1,300 tons of 
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height: 16 feet. Carbon-14 analysis of wood and bone samples associated with 
the ring monument indicates it was put up late in the third millennium B.C., 
or somewhat earlier than the second phase of construction at Stonehenge in 
late Neolithic times (see "Megalithic Monuments," by Glyn Daniel, page 78). 
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"Most cassettes 
are afraid of me:' 

-Stevie Wonder-

A lot of cassette makers have proba
bly considered asking Stev!e's opinion 
about their performance. But he's such 
a perfectionist, they may have been 
scared off. 

Not TDK. TDK SA's Super Avilyn 
magnetic particle revolutionized high 
bias cassette music. No rock is too hot 
to handle. Classical music keeps all of 
its dynamic range. Jazz sizzles without 
a hiss. There's headroom for all the 
challenge and drama of music. 

For Stevie, "It's a little music machine 
that delivers the best sound, for its 
size, I've ever heard." There's good 
reason. Its 250 components are 
checked thousands of times; 1,117 
checkpoints for the shell alone. And 
SA is guaranteed a lifetime.' Enough 
to please any perfectionist. 

• 

In the unlikely event that any TOK cassette ever fails 
to perform due to a defect in materials or workman
ship simply return it to your local dealer or to TDK 
for a free replacement. 

"1980 TOK Electronics Corp., Carden City, N.Y. 11530 

Supplier to the 
U.S. Olympic Team 

LETTERS 

Sirs: 
I was very pleased to see a reference 

to my study of early Sumerian and pro
to-Elamite metrology and number sys
tems in the note "From Reckoning to 
Writing" ["Science and the Citizen," SCI
ENTIFIC AMERICAN, March]. where the 
study was related to the important dis
coveries presented by Denise Schmandt
Besserat in her article "The Earliest Pre
cursor of Writing" [SCIENTIFIC AMERI
CAN, June, 1978). r should like to add a 
few completing and clarifying remarks. 

It is true that the "proto-Sumerians" 
of what is now Iraq, as well as the "pro
to-Elamites" of Iran, used on their clay 
account tablets, written before 3000 
B.C., several different number systems 
simultaneously, but so did the "classi
cal" Sumerians several centuries later: 
one system for counting, another for ca
pacity measures, a third for area mea
sures and so on. (The Sumerian script 
and language are today relatively well 
known to professional Sumerologists, 
but the proto-Sumerian tablets can be 
read only in a very rudimentary way, 
and the proto-Elamite script has until 
now been almost completely undeci
pherable.) Due to the fact that some of 
the account tablets contain quite compli
cated computations, it is possible to de
cipher exclusively the mathematical and 
metrological parts of the inscriptions. 

It turns out that the proto-Sumerians 
and the proto-Elamites', in spite of the 
fact that their scripts and languages 
seem to have been almost totally unre
lated, made use of essentially identical 
number systems and metrological sys
tems, different in several respects from 
the systems used later by the Sumerians. 
The only difference between the proto
Sumerian and proto-Elamite systems 
seems to have been that the proto-Sume
rians made use of a "protosexagesimal" 
system for counting people, animals and 
things, whereas the proto-Elamites used 
the protosexagesimal system to count 
people and things but a decimal system 
to count animals. As a matter of fact, 
there are many examples of proto
Elamite account tablets of a special 
type, on which the protosexagesimal 
and decimal systems are used at the 
same time, with conversions from one to 
the other. So much for the controversy 
about which number system is older, the 
sexagesimal or the decimal! 

Another remarkable fact is that a 
comparative analysis identifying cer
tain types of proto-Sumerian and pro
to-Elamite texts ("bread-and-beer ac
counts," "seed-grain accounts" and so 
on) with their much later Sumerian. 
counterparts makes it possible to deter
mine quite accurately the "absolute val
ues" of, for example, the capacity-mea
sure units used in Sumer and Elam in the 

latter half of the fourth millenni urn' B.C. 
This means that we can deduce from the 
account tablets of those extremely re
mote times such things as how big the 
herds of animals were, how big the food 
rations were and how much grain was 
stored in the granaries. 

The determination of the absolute 
values of the early capacity-measure 
units mentioned iri your account is in
teresting also beca use it leads to the 
surprising conclusion that modern (al
though premetric) sequences of capac
ity measures such as the Anglo-Saxon 
pint, peck, bushel and barrel are direct 
descendants of their counterparts on the 
earliest-known written records: the clay 
tablets of ancient Sumer and Elam. 

lORAN FRIBERG 

Chalmers University of Technology 
and University of G6teborg 

G6teborg, Sweden 

Sirs: 
In his interesting article [SCIENTIFIC 

AMERICAN, December, 1979) on tephra, 
Laurence R. Kittleman, in discussing the 
ecological effects of tephra, notes that 
"not all the effects of tephra are harm
ful," and that "repeated tephra falls in 
the Tropics probably renew the fertility 
of the soil, which otherwise would be 
quickly leached of nutrients in the pre
vailing climate." 

I feel that Dr. Kittleman understates 
his case. One of the most remarkable 
ecosystems in the world owes much of 
its character to the tephra mantle that 
covers it. This i's the Serengeti National 
Park and its ecological unit in northern 
Tanzania, which is famous for its land
scapes of rolling grassland and acacia 
parkland, its migrations of more than 
two million game animals and its abun
dance of fossil hominids. 

The Serengeti ecological unit is 
bounded on its southeastern side by the 
Ngorongoro Crater Highlands, which 
consist of the joined cones of at least six 
major volcanoes in addition to the Ngo
rongoro caldera and the still active 01-
doinyo Lengai. It has long been realized 
that the open Serengeti plains to the 
southeast of the Serengeti ecosystem, 
and lying at the foot of the Crater High
lands, are covered by a series of layers 
of volcanic ash, through which the un
derlying shield protrudes in a series of 
scenically striking kopjes. The sequence 
of ash falls has been described in de
tail by R. L. Hay in relation to Olduvai 
Gorge, and their inft uence on the soils 
of the Serengeti plains has been exam
ined by Hugo de Wit of the University 
of Wageningen. 

It has only recently emerged, how
ever, as a result of the work of Tjapko 
Jager, also of Wageningen, that the 
western and northern parts of the Seren
geti ecosystem have likewise received 

© 1980 SCIENTIFIC AMERICAN, INC



SOIENOE/SOOPE 

Novel digital logic circuits employing charge-coupled devices (CCDs) may soon be 
used in a wide range of military systems, including communications, radar, voice 
processing, sonar, and guidance. Experimental chips developed by Hughes are 
five times more compact than similar circuits made with I2l (integrated injec
tion logic) or CMOS (complementary metal oxide semiconductor) processes. They 
also can provide up to 10 times the throughput per unit power when structured to 
perform many different logic operations at the same time. 

Indonesia's new Palapa B communications satellites will use flight-proven tech
nology to ensure their eight years of planned service. The spacecraft are 
modeled after Canada's Anik C and Anik 0 series, as well as the Satellite Busi
ness Systems spacecraft that will serve U.S. businesses. like the others, the 
Palapa B craft will have outer cylindrical sleeves of solar cells that will de
ploy in space. The arrangement nearly doubles the area of cells usable with the 
same size satellite, thereby increasing total power. Hughes, under contract to 
Perumtel, Indonesia's government-owned telecommunications company, is building 
two spacecraft and associated equipment to augment certain ground stations. 

Once a laboratory curiosity, the laser is now a workaday tool of immense value. 
Perhaps the most common use of the laser is in alignment. Construction crews 
use lasers for surveying and grad"ing land, laying sewer pipe, installing acous
tical ceilings, and squaring off buildings. lasers also help align sawmill 
blades, guide the cutting of marble slabs, and position patients for medical 
procedures. Hughes, which achieved the world's first laser action in 1960, 
is one of the world's largest suppliers of helium-neon lasers for these uses. 

Hughes Missile Systems Group, located in Canoga Park, California, is seeking 
engineers and scientists to work on a growing list of development and production 
programs. The list includes AMRAAM, Wasp, multimode guidance,' TOW, Phoenix, 
Maverick, and U.S. Roland. Typical openings are in areas of lSI, radars, IR 
systems, signal processing, pattern recognition, co mputer software, electronic 
components, guidance and controls, gyro-stabilized platforms, and digital sys
tems. Please send resume to Hughes Engineering Employment, Dept. SE, Fallbrook 
at Roscoe, Canoga Park, CA 91304. Equal opportunity M/F/HC. 

A new computer system is smoothing out snags in the apparel industry and im
proving efficiency by monitoring the progress of every production step. The 
Hughes PC-l system schedules and tracks production after being programmed with 
information regarding styles, sizes, quantities to be cut from a bolt of fabric, 
and the time to do certain operations. It ensures, for example, that one group 
completes the correct number of sleeves in time for another group to sew them 
onto jackets. By knowing exact production status and by keeping an inventory'of 
finished and unfinished garments, the system helps management balance production 
with the work force, as well as predict realistic delivery dates. 

Creating a new world with electronics 
r------------------, 

! HUGHES! 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
CULVER CITY. CALIFORNIA 90230 
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tephra falls from the Crater Highlands. 
The distances involved (up to 200 kilo
meters) are well within the ranges men
tioned by Kittleman. 

The ecological influence of these 
tephra falls has been profound. It can be 
seen by comparing the plant and animal 
communities of the Serengeti ecosys
tem with those of the Tanzanian shield 
where it emerges from the tephra man
tle to the southwest. The Serengeti ec
osystem consists of short, productive 
grassland, with open, fine-leaved wood
land and high densities of medium to 
small herbivores. The Tanzanian shield 
is covered by the Brachystegia woodland 
and dambo landscape characteristic of 
the ancient land surface of the Central 
African Plateau. Herbivore densities are 
low, and most of the animal biomass is 
in large animals. 

The mechanism of the difference 
brought about by tephra falls probably 
depends first on the fact that the ash has 
a high content of biologically active sub
stances (calcium, sodium, magnesium, 
carbonates and so on), which give rise 
to the production of high-quality vege
tation, and second on the effect of the 
tephra mantle on soil-water dynamics; 
that is, as has been documented by de 
Wit and Jager, the tephra tends to give 
rise to soil horizons that impede water 
infiltration. This effect favors grassland 
as opposed to woodland and short grass 
as opposed to tall grass; in fact, it favors 
the production of protein as opposed to 
the production of structural carbohy
drate. This combination of factors goes 
a long way toward explaining the short
grass parklands and the high densities of 
smaller herbivores characteristic of the 
Serengeti. 

The influence of climate, particularly 
rainfall, on African wildlife communi
ties has been well documented. For ex
ample, the dependence of the Serengeti 
migrations on the local rainfall pattern 
is well established [see "A Grazing Ec
osystem in the Serengeti," by Richard 
H. V. Bell; SCIENTIFIC AMERICAN, July, 
1971], and several other workers have 
pointed out relations between wildlife 
biomasses and rainfall (for example R. 
M. Watson, and M. Coe, D. Cumming 
and J. Phillipson). My point here, how
ever, is to emphasize that the geomor
phological situation is at least as impor
tant an influence on African wildlife 
community structures as climate, and 
that in the Serengeti ecosystem the key 
factor is the mantle of tephra. 

RICHARD H. V. BELL 

Department of National Parks and 
Wildlife 

Kasungu, Malawi 

Sirs: 
I am writing you with regard to the 

article "Chemical Warfare and Chemi-

8 

cal Disarmament," by Matthew Mesel
son and Julian Perry Robinson [SCIEN
TIFIC AMERICAN, April]. 

The photograph of the chemical stor- . 
age area at Tooele Army Depot that ap
pears on pages 38 and 39 misrepresents 
the facts. The caption under the pho
tograph implies that nerve agents are 
stored in the open at Tooele Army De
pot. This is not so. All the ton containers 
of agent GB and the spray tanks con
taining VX were removed from open 
storage prior to May 10, 1978. The ton 
containers are now stored in earth-cov
ered bunkers and the spray tanks in con
crete sheds. These actions were taken 
as part of the ongoing security upgrad
ing at all U.S. Army DARCOM chemi
cal storage sites, including Tooele Army 
Depot. In addition a command policy 
in effect since February, 1978, prohibits 
the taking of photographs in chemical 
storage areas. In effect this means that 
the photograph you used is at a mini
mum two years old. 

It is regrettable that an article of such 
importance and as well written could 
not have been accompanied bOy photo
graphs with the same credibility. 

CHARLES A. HAMMAKER, JR. 

Colonel, GS 
Chief of Public Affairs 
Headquarters U.S. Army Materiel 

Development and Readiness 
Command 

Alexandria, Va. 

Editorial correspondence should be addressed to The 

���O��;k�I���lfo�l���C
a���c�tgts���i:��m��:�U:; 

the author's fisk and will not be returned unless accom
panied by postage. 

Advertising correspondence should be addressed to C. 
John Kirby, Advertising Director, SCIENTIFIC AMERI
CAN, 415 Madison Avenue, New York, N.Y. 10017. 

Offprint correspondence and orders should be ad
dressed to W. H. Freeman and Company, 660 Market 
Street. San Francisco, Calif. 94104. For each offprint 
ordered please enclose 40 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue, New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance. 
Send both old and new addresses and enclose an ad
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right-hand corner of 
each month's mailing label.) 

Name 

New Address 

Old Address 

LEICKR3and 
R3MOT 

Available at these stores: 

CALIFORNIA 

Costa Mesa: Cars Camera's Inc. 

Fresno: Boot's Cameras 

Hollywood: Bob Gamble's Photo 

Monterey: Ken's Cameras Inc. 

Pasadena: Alvin's Photo Supply 

San Francisco: Brooks Cameras 
( all locations ) 

COLORADO 

Aspen: Walnut House 

Denver: Waxman Camera 

DISTRICT OF COLUMBIA 

Washington: Penn Camera Exchange 

FLORIDA 

Casselberry: International Camera 

GEORGIA 

Atlanta: Wallis Kamera Haus 

HAWAII 

Honolulu: FranCis Camera Shop 

ILLINOIS' 

Chicago: Helix Ltd.; Herman Cameras Inc.; 
Shutan Camera Co.; Wolk Camera Co. 

INDIANA 

Muncie: Jack's Camera Shop 

IOWA 

Iowa City: Henry Louis Inc. 

LOUISIANA 

New Orleans: Alfredo's Camera Shop 

MARYLAND 

Bethesda: Heller Phbto 

Sliver Springs: Industrial Photo 

MASSACHUSETTS 

Boston: Claus Gelotte; E. Philip Levine, Inc. 

MICHIGAN 

Birmingham: Birmingham Camera; 
World Camera 

Grosse Pointe: Studio Camera Shop 

MINNESOTA 

Golden Village: National Camera 

St. Paul: Olson Graphic Products 

NEBRASKA 

Omaha: Dean's Camera 

NEW JERSEY 

Union: Center Camera Exchange 

NEW YORK 

New York City: Alkit Camera Shops; 
Cambridge Camera Exchange; 
Dumont/Warman's Camera Corp.; 
Executive Photo & Supply Co.; 47th Street 
Photo; Ken Hansen Photo; Wall Street 
Camera Exchange 

Great Neck: Ken-Mar Camera Corp. 

OHIO 

Worthington: Don McAlister Camera Corp. 

OREGON 

Portland: Citizen's Photo 

PENNSYLVANIA 

Philadelphia: Photo-Cine Shop 

TEXAS 

Fort Worth: Seymour's Photo Supply 

Houston: Geo. Lange Inc.jCamera; 
Southwestern Camera 

WASHINGTON 

Seattle: Clyeds Camera Shop 

WISCONSIN 

Milwaukee: Reimers Inc. 
1930A 
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In every Important way, there IS ..... 

The great Leicas of the past are still eagerly sought 
after. Not only for their unique apprec iative value, 
but for their ability to create great photographs. 
This quality in craftsmanship bridges the generations 
even today At the same time, Leica lenses have 
formed an equal and complimentary legend of 
unsurpassed quality. The Leica® R3 MOT, the Leica 
of today; with its automation, its whisper-quiet 
steplessly variable shutter and dual-metering system 
and its fast near-silent full-motor drive, will see 
proud service into the next century: 
Leica, you see, did more than invent the 35mm still 
camera. It perfected it. Check the adjacent column 
for dealer nearest you. Or write for more information. 

. '  Leitz means precision. Worldwide. -- E. Leitz, Inc., Rockleigh, N.J. 07647 

1930A Toll-tree (800) 631-2504 

PRADO LUX RT 300. 
The Lelca of sUde projectors. 
Now, cover a wall with bright. 
sharp Leica optical quality. Rugged, 
high performance construction 
is compatible with round tr ays. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

JUL Y, 1930: "The new Lawrence 
Lowell telescope at the Lowell Observa
tory in Flagstaff, Ariz., has within a year 
of its installation brought to light the 
long-sought Planet X. Photographs of 
moderate exposure covering the region 
of the heavens around the predicted 
position were obtained, and on one of 
them, taken on January 21, Mr. Clyde 
W. Tombaugh of the Observatory staff 
found 'a very promising object.' It was 
identified from its motion past the nu
merous fixed stars on plates of the same 
star field being viewed in the blink com
parator. This showed that one faint ob
ject among many thousands had shifted 
its place by a certain expected order of 
distance in the interval between the tak
ing of the two plates. Since that date the 
object has been carefully followed both 
photographically by Dr. Carl O. Lamp
land with the 40-inch reflector and visu
ally by E. C. Slipher and other members 
of the staff. Its motion in the heavens has 
been just what might be expected of a 
trans-Neptunian planet at about the dis
tance predicted by Percival Lowell, and 
its longitude agrees closely with his pre
dictions. There is no doubt that it is ac
tually a new planet much farther away 
than any previously known." 

"With a production of more than 
5,000,000 motor vehicles and a total 
registration of 26,400,000 in this coun
try last year, and a steadily increasing 
production each year, the need for more 
and better roads is impressively indicat
ed. Of the total 3,016,281 miles of high
way in the United States only 660,000 
are surfaced-slightly more than 20 per 
cent. Fortunately our people are high
way-conscious, and it is certain there
fore that the percentage will rapidly 
mount. This is borne out by the fact that 
Congress passed this year, with rare 
speed, a bill for adding $50,000,000 to 
the present $75,000,000 that is given the 
states to build highways in the Federal 
Aid Program." 

"Dr. William C. Geer's 'airplane over
shoes' give promise of conquering one 
of the most serious hazards of flying. 
The adhesion of ice to metal-polished 
aluminum, for example-is high. In pre
vious attempts to solve the problem 
the surface of the airplane wing has 
been covered with oil. The oils used gen
erally become viscous and sticky at 
freezing temperatures, and moreover 

]0 

the wind forces scrub them off. Profiting 
by these early mistakes, Dr. Geer has 
invented a simple mechanical device. It 
has the form of a light-weight thin rub
ber 'overshoe' for the leading edge of the 
wing, with a fabric backing for strength. 
At the leading edge of the overshoe is an 
air tube strengthened with an extensible 
fabric. This inner tube is connected to a 
pump, either motor- or hand-driven. If 
ice forms, the pilot turns the air into the 
tube, thus slightly expanding it. This 
breaks the ice and removes it. In a test 
run in Cleveland in March an overshoe 
was attached to a radio mast behind the 
cockpit. During the flight ice formed to 
a thickness of about half an inch over 
the leading edge. A hand pump was used 
to expand the tube. When a pressure of 
two pounds per square inch was applied, 
the ice suddenly left the overshoe, flying 
off in chunks. Experiments on a wing 
ahd on a strut were also successful." 

JUL Y, 1880: "It is a curious circum
stance that while from the nonscientif
ic point of view the unpardonable fault 
of modern science is its 'materialistic' 
tendency, the actual drift of scientific 
thought is toward eliminating from the 
scientific idea of matter everything that 
answers to the popular notion of it. 
As our readers are aware, Professor 
Crookes claims to have demonstrated 
an ultra-gaseous 'fourth state' of matter, 
as unlike the other three recognized 
states of matter as they are unlike one 
another. The fourth state, according to 
Professor Crookes, obtains when the gas 
has been so rarefied that the collisions of 
the molecules are few compared with 
the misses. If we follow in our imagina
tion the free molecule in its flight, it los
es all known properties of matter and 
becomes as if it did not exist. For what 
is a single free molecule in space? Is it 
a solid, a liquid or a gas? Professor 
Crookes answers: 'Solid it cannot be, be
cause the idea of solidity involves cer
tain properties that are absent in the iso
lated molecule. And if the individual 
molecule is not solid, a fortion' it cannot 
be a liquid or a gas, for these states are 
even more due to intermolecular colli
sions than is the solid state.' What we 
call matter is nothing more than the ef
fect upon our senses of the movements 
of molecules. From this point of view, 
then, matter is but a mode of motion." 

"The extract from the report of the 
judges in horology at the Sydney Inter
national Exhibition cannot fail to inter
est our readers. There were 10 exhibi
tors, and the inherent and comparative 
merits of the various watches exhibit
ed were rated under 10 heads on the ba
sis of 100 points 'for the highest degree 
of excellence.' There were British, Ger-

man, French, Swiss and American cpm
petitors, and while the scores of the nine 
European exhibitors footed up totals 
ranging from 76 to 686, the total of the 
Waltham Watch Company was 981. It 
is the bringing of machinery to every 
branch of watch-making that is enabling 
Americans to beat the world in this as 
well as in many other things. The Amer
icans are showing that they can make 
better watches than the Swiss or the Brit
ish, but what is of equal importance, 
they are showing that they can make 
them for less money." 

"The piercing of the Saint Gothard 
tunnel in the Alps, the longest tunnel in 
the world, has been accomplished in 
seven years five months, the rapidity of 
its execution being unprecedented in 
works of this kind. Relative to its length 
the Saint Gothard has been bored in one 
fourth the time that was occupied in the 
boring of the Hanenstein tunnel, and in 
less than half the time taken to pierce 
Mont Cenis. The great advance in the 
art of tunnel driving is due to the im
provements in the boring machinery, 
and particularly to the efficiency of the 
air compressors invented by Professor 
Daniel Colladon." 

"The extent of the manufacture of 
coal-tar colors is shown by the following 
statistics of labor and production at one 
of the principal coal-tar color works 
in Germany. There are employed more 
than 1,000 workmen, in addition to 40 
overlookers and branch managers, 25 
chemists, one engineer and 30 clerks 
and accountants. The yearly consump
tion of coal amounts to 17,000,000 kil
ograms; anthracene, 825,000; naphtha 
and benzol, 950,000; chromate of pot
ash, 280,000; caustic soda, 1,245,000; 
sulphuric acid, 2,250,000; mUrIatIc 
acid, 4,050,000; nitric acid, 825,000; al
cohol, 91,500, and sundry other chemi
cals, 3,560,000." 

"The terrible visitation of yellow fe
ver on the cities along the lower Missis
sippi has indicated clearly to the United 
States Medical Department the great 
need of a better system of quarantine 
regulation, inspection and disinfection 
and the want of swift, properly appoint
ed craft to relieve passing vessels of sick 
persons and to convey them to the quar
antine stations along the river. To meet 
the peculiar requirements of the case a 
fleet of four steamers was designed by 
Dr. J. F. Turner, Secretary of the Na
tional Board of Health, and these have 
just been completed at Pittsburg, leav
ing that city June 23 for duty on the 
Mississippi between Cairo and New Or
leans. The crews will be selected from 
men who have run the dread gauntlet of 
'yellow jack.' The quarantine stations al
ready provided for are located at Cairo, 
Vicksburg, Memphis and New Orleans 
and also at the mouth of the Red River." 
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III and the Apple. 
If you could talk to Orville Wright, he'd 

tell you the problems he faced as a turn
of-the-century engineer. You could tell him 
all about the technological solutions 
available to today's engineer and scientist. .. 
particularly a 20th century phenomenon 
that tests assumptions and defines models 
before a project gets off the ground. 
The Apple personal computer. 

Computation, calculation, 
analysis ... the power to 
pilot your projects. 

With a highly-integrated system from 
the extensive Apple personal computer 
family, Orville and brother Wilbur would 
have increased their productivity. Perhaps 
even launched the Kitty Hawk Flyer well 
before 1903. 

An Apple in their hangar would have 
freed them from the time and tedium of 
crunching numbers by hand. 

An Apple in your lab or office will give 
you the problem-solving capabilities you 
demand from a big computer ... without 
the time-consunling problems typical of 
remote processing. 

But the Apple system solution doesn't 
stop there. It keeps on soaring with proven 
performance, power and expandability 

Apples existing software library includes 
a program that plots the shape of an 
airfoil, given its parameters. 

that's unparalleled for analyzing alterna
tive paths of d�sign and modeling a 
wide variety of physical processes. 

Want more memory? Depending on 
your choice of system, Apple has memory 
expandable to 64K bytes or 128K bytes. 
Prefer wide displays? Choose 40 or 80 
characters. Need to control instruments 
in the lab? Get on the IEEE 488 bus. Over 

100 companies also supply peripherals for 
Apple because Apple is the most popular 
personal computer with the least com
plicated interface. 

Want an efficient system of data storage 
and access? Apple's 51.4" disk drive not 
only offers you increased application 
versatility, but high density (I43K bytes), 
high speed and low cost. You can even add 
up to four or more drives to your 
Apple system. With 
proven reliability, 
no wonder it's the 
most popular drive 
on the market today. 

your own 
programs, the 

Apple also speaks 
in languages other 

than FORTRAN: Pascal, 
BASIC, PILOT and 6502 
assembly language. 

Where to learn 
more about Apple, 

the small .. yet .. 
serious 
solution. 

Let your 
imagination 

soar with 
Apple. 

Discover the 20th 
century tool versatile 
enough to monitor 
quality controls and 
manufactUring sched

Wilbur determined that birds didn't have to constantly flap 
ules, orchestrate their wings to fly. With an Apple, he could've determined the 

fixed-wing design of the Kitty Hawk Flyer much faster. toleran�e tests and
. deternune alternatIve 

FORTRAN that helped 
to design a 20th century 
flying machine. 

Fluent in the same language that helped 
to design the 747, Apple FORTRAN lets you 
tackle differential equations at the touch of 
a key. And since more the 170 companies 
also offer software for the Apple family, 
you can have one of the most impressive 
program libraries ever ... including vast 
subroutine libraries for math, science, 
engineering and statistics. When you write 

parts selection. Learn why Apple emerges 
as the technological leader of reliable 
personal computer products that increase 
your productivity. 

Let the Apple dealer show you how, 
by putting the system of your choice 
through its paces. He'll tell you about our 
extended warranty, support and service. 
And he'll prove that a personal computer 
is not just a flight of fancy but a serious 
solution. Don't let history pass you by. 
Visit your nearest Apple dealer, or call 
800-538-9696. In California, 
800-662-9238. 

Cl Di�  computc!r 
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THE AUTHORS 

WILLIA M EPSTEIN ("A Ban on 
the Production of Fissionable Material 
for Weapons") is a Special Fellow of 
the United Nations Institute for Train
ing and Research (UNIT AR). He also 
serves as a consultant on arms control 
and disarmament to both the UN Secre
tary General and the Canadian govern
ment. For many years Epstein was the 
senior Canadian national on the per
manent staff of the UN Secretariat in 
New York, working until his retirement 
in 1973 as director of the Disarmament 
Division. A graduate of the University 
of Alberta, where he received his B.A. 
and LL.B. degrees, he did postgraduate 
work in international affairs at the Lon
don School of Economics. After serving 
in the Canadian army in World War II 
he joined the staff of the UN Preparato
ry Commission Secretariat in London in 
1945. He has been associated with the 
UN ever since. Recently he served as 
a member of the Group of Consultant 
Experts appointed by the Secretary 
General that prepared a report, request
ed by the General Assembly, on a com
prehensive nuclear-test ban. In addition 
to his work as an international civil ser
vant Epstein has been a visiting profes
sor at several universities. 

DAVID KOFFLER ("Systemic Lu
pus Erythematosus") is professor of pa
thology and director of laboratory med
icine at the Hahnemann Medical Col
lege and Hospital of Philadelphia. He is 
also adjunct professor for immunology 
at Rockefeller University. As an under
graduate at New York University, Kof
fler was a prelaw student, but he later 
switched to medical studies, obtaining 
his M.D. at the State University of New 
York College of Medicine in 1958. The 
profoundest infl uence on his research 
career, he says, has been his association 
with the immunologist Henry G. Kunk
el, in whose laboratory at Rockefeller 
University he got his research training 
and with whom he has continued to col
laborate over the past 10 years. Before 
taking up his present posts Koffler was 
professor of pathology at the Mount Si
nai School of Medicine and director of 
pathology at Mount Sinai Hospital. 

MARVIN 
CRAWFORD 

LEVENTHAL and 
J. MACCALLUM 

("Gamma-Ray-Line Astronomy") are 
physicists with a common interest in the 
spectroscopic study of celestial process
es that emit gamma radiation at discrete 
wavelengths. Leventhal is a member of 
the technical staff at Bell Laboratories. 
He studied physics at the City College of 
New York and Brown University, ob
taining his Ph.D. from the latter in 1964. 
He was on the faculty of Yale Universi
ty until 1968, when he joined Bell Labo-

ratories. Leventhal's main professional 
fields of interest in addition to gamma
ray astrophysics include nuclear-mag
netic-resonance investigations of amor
phous solids, spectroscopic measure
ments of hydrogen ions and the physics 
of positronium. MacCallum is at Sandia 
Laboratories. His bachelor's degree is 
from Princeton University and his doc
torate is from the University of New 
Mexico. 

GL YN DANIEL ("Megalithic Mon
uments") is Disney Professor of Archae
ology and head of the department of ar
chaeology at the University of Cam
bridge. A native of South Wales, he 
went to Cambridge as an undergraduate 
in 1932 and has been there ever since 
except for five years in the Royal Air 
Force photo intelligence service during 
World War II. His main interests are 
megalithic monuments and the history 
of archaeology, and he has written a 
number of books on these subjects. With 
his wife Ruth, "a geographer turned 
archaeologist," he also edits the jour
nal Antiquity. In addition to his schol
arly work Daniel has written a travel 
book called The Hungry Archaeologist 
il/ France and two detective stories, The 
Cambridge Murders and Welcome Death. 

MANUEL G. VELARDE and 
CHRISTIANE NORMAND ("Convec
tion") have collaborated at long range 
on the subject of their article since 1974, 
when both were working in the theoreti
cal-physics division of the Saclay Nucle
ar Research Center in France. Velarde 
is currently professor of statistical me
chanics and head of the department of 
fluid physics at the Autonomous Uni
versity of Madrid; he is also on the fac
ulty of the Open University in Madrid. 
The holder of two doctoral degrees, one 
from the Complutensian University of 
Madrid (1968) and the other from the 
University of Brussels (1970), he has 
worked for extended periods at research 
laboratories in the U.S., France, Nor
way, Belgium and Britain. Normand 
continues her work at the French Atom
ic Energy Commission's facility at Sa
clay, where she first went on a fellow
ship in 1973, shortly after being gradu
ated with a degree in plasma physics 
from the University of Paris-South. She 
became interested in the analysis of con
vective motion soon after her arrival at 
Saclay, where, she writes, "I met Pierre 
Berge and Monique Dubois and saw for 
the first time their beautiful experiments 
on Rayleigh-Benard convection." Since 
1976 Normand has been a research as
sociate of the French National Center 
for Scientific Research (C.N.R.S.). 

ROBERT DEGABRIELE ("The 

Physiology of the Koala") teaches biol
ogy at Riverina College of Advanced 
Education, which is at the inland city 
of Wagga Wagga in New South Wales 
in Australia. He was educated at the 
University of New South Wales, receiv
ing his M.Sc. in biology in 1977. His in
terest in marsupials and their evolution, 
he writes, "originated as a result of my 
being a student of T. J. Dawson, the 
author of the article titled 'Kangaroos' 
in the August 1977 issue of Scientific 
American." 

WILLIAM R. BAUER, F. H. C. 
CRICK and JAMES H. WHITE ("Su
percoiled DNA") approach the super
coiling problem from three quite differ
ent backgrounds. Bauer is professor of 
microbiology at the State University of 
New York at Stony Brook. He has two 
bachelor's degrees: a B.S. in chemistry 
from the California Institute of Tech
nology and a B.A. in animal physiolo
gy and biochemistry from the Univer
sity of Oxford. His Ph.D., in chemis
try, is from Cal Tech. Before he moved 
to Stony Brook in 1973 Bauer taught 
chemistry for several years at the Uni
versity of Colorado at Boulder. Crick, 
the co-winner (with James D. Watson 
and M. H. F. Wilkins) of the 1962 Nobel 
Prize in physiology or medicine for his 
part in the discovery of the double-he
lix structure of the DNA molecule, is 
currently Kieckhefer Distinguished Re
search Professor at the Salk Institute for 
Biological Studies. He did his under
graduate work in physics at University 
College London and his graduate work 
in biology at the University of Cam
bridge, obtaining his Ph.D. from the 
latter in 1954. Crick has written a num
ber of articles for SCIENTIFIC AMERICAN; 
the most recent,· "Thinking about the 
Brain," appeared in last September's 
single-topic issue on the brain. White 
is professor of mathematics at the Uni
versity of California at Los Angeles. A 
graduate of the University of California 
at Berkeley, he went on to get his Ph.D. 
in mathematics from the University of 
Minnesota in 1968. His specialties in
clude the topology of curves and sur
faces in three-dimensional space. 

E. EUGENE LARRABEE ("The 
Screw Propeller") is associate professor 
of aeronautics and astronautics at the 
Massachusetts Institute of Technology. 
He joined the faculty of M.I.T. as a 
teaching assistant in 1946, he reports, 
"after wartime work as an aerodynami
cist with the Curtiss-Wright Corpora
tion. I have always been interested in 
airplanes, having been imprinted as a 
child with the example of Charles Lind
bergh. My professional interests are 
centered on the automobile as well as 
the airplane, and I have worked on 
topics that range from driver-steering 
strategy to the lateral control of sail
planes." 
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13 Great Books 

Ashland 
Oil 
1979 

Here's your opportunity to 

receive a choice collection 
of the latest annual reports 
from leading corporations. 
Use the handy coupon. 
There's no obligation. 

fETNA LIFE& 
CASUALTY 
;ttna life & Casualty-largest inves
tor;owned insurance organization in 
U.S., also in business financing, real 
estate development, technology enter
prises. 1979 earnings reached new high 
of $560 million or $6.93 per common 
share, 21% return on shareholders' 
equity. Revenues rose 21% to $11.4 bil
lion. Assets, shareholders' equity grew 
to $30.2 billion and $35.56 per com
mon share. Annual dividend per com
mon share increased 18% to $2.12 with 
May 15 payment. Annual dividend 

. 194% greater than five years ago. 

ARMCO INC. 
We turned in record sales and earnings 
in 1979. Our annual report tells how 
we did it, reports results, both current 
and historical and describes our stra
tegic plans for the future. We're a 
diversified five billion dollar corpora
tion, organized with seven lines of 
business: Oilfield Equipment and Pro
duction, Fabricated Metal Products, 
Industrial Products and Services, 
Financial Services, Carbon Steel Prod
ucts, Specialty Steel Products, Mining 
and Raw Materials. 

ASHLAND OIL 

NC\v 
Generation 

This year Ashland, the nation's largest 
independent refiner and marketer, 
published two annual reports. One for 
today's investors. One for the new gen
eration of investors. This colorful re
port discusses facts from the 1979 An
nual Report-explaining how private 
investors make our progress possible. 

like these record fiscal 1979 results: 
Revenues---$6.7 million; net income 
$526 million. Dividends increased 
from annual rate of $1.33 in 1978 to a 
current annual rate of $2.20. Both 
annual reports will be sent. 
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THE DUN & 
BRADSTREET 
CORPORATION 
The Dun & Bradstreet Corporation 
provides products and services in four 
groups: business information, publish
ing, marketing services and broadcast
ing. The company is the largest pro
ducer and disseminator of business 
information in the private sector. 
Earnings per share in 1979 were a 
record $3.19, up 26.6%, and more 
than double those of four years ago. 
Dividends were increased for the 28th 
consecutive year. 

GAF 
CORPORATION 
GAF is expanding advanceJ technol
ogy in its chemical, building materials 
and reprographic businesses. Its spe
cialty chemicals are gaining new ap
plications in products as diverse as 
shampoos and auto parts, wines and 
adhesives. Its roofing, siding, insulation 
and vinyl floorings are in demand for 
remodeling and repair work as well as 
in new construction. GAF's diazo 
reprographic systems are moving into 
fields long monopolized by silver-based 
films and papers. 1979 sales were $1. 2 
billion . 

INTERNORTH 
(Northern Natural Gas) 
Record earnings and revenues high
lighted 1979, Northern's fiftieth year. 
Net income was a record $185.5 mil
\ion. Operating revenues totaled a 
record $2.5 billion. Property, plant 
and equipment, at cost, now exceeds 
$3 billion. Earnings per share of $8.17 
were our highest ever. Northern is an 
energy-based company involved in 
natural gas, liquefied fuels, petrochem
icals, oil and gas exploration and coal 
operations. 

KOPPERS 
COMPAN� INC. 
Investment in Koppers over the past 
five years produced an average total 
return of 29% per year to shareholders. 
The highly diversified industrial oper
ations of the company are strategically 
situated so that 75% of sales are in the 
construction and capital spending seg
ments of the economy and 25% in 
intermediate industrial products. This 
product mix gives Koppers a decided 
edge in providing future growth and 
continued high returns to investors. 
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of the Year. Free. 

THE MEAD 
CORPORATION 
1979 another record year: 17% increase 
in net earnings to $141 million resulted 
in'record 18.1% return on sharehold
ers' equity. Fully diluted earnings per 
share reached $5.19 from $2.72 in 
'74-a compound growth rate of 
14%-one of the most impressive in 
the forest products industry. Dividends 
have increased for seven consecutive 
years to annual rate of $1.80 per share. 

CO MBUSTION 
ENGINEERING 
The Energy Systems Company ... 
Combustion Engineering is a diversi
fied corporation which provides equip
ment, products and services for oil and 
gas exploration and production, petro
leum and petrochemical processing, 
environmental control, electric power 
generation, .synthetic fuels, and other 
energy-related industrial applications. 
C-E has annual sales approaching $3 
billion, and a current annual dividend 
rate of$2.60, which has been increased 
eight times in the last five years. 

GREAT NORTHERN 
NEKOOSA CORP. 
Great Northern Nekoosa, a major pulp 
and paper company and the world's 
largest producer of copier paper, has 
large, efficient mills which produce 
low cost business papers, container
board, newsprint and ground wood 
printing paper. GNN's assets include 
nearly 7,000 tons a day of pulp and 
paper capacity, 2,800,000 acres of tim
berland, millions of tons of coal 
reserves, and an extensive hydroelec
tric system. At just over 70%, GNN's 
energy self-sufficiency is among the 
highest in the paper industry. 

DOMINION BRIDGE 
COMPANY, LIMITED 
During the Seventies this diversified 
international company achieved a 
28% compounded annual growth rate 
of net income, while multiplying 
worldwide sales fivefold-to nearly $1 
billion in 1979. During the decade its 
net income rose 970% and' its growth 
rate exceeded 490 of the Fortune 500. 
Engaged principally in manufacturing 
steel-based products, engineering and 
construction activities, Dominion 
Bridge is traded on the Toronto and 
Montreal Stock Exchanges. 

w.R. GRACE & CO. 
Last year our Annual Report was 
judged best among 2,000 other com
panies. In 1979 it's even better with 
net income up 30% to $223 million, 
record sales of $5.3 billion up 18% and 
a market price ahead 57%. But we're 
no one-time champion. Over the dec
ade of the seventies, our earnings have 
risen at a compound rate of more than 
31% per year. Shouldn't you look into 
GRACE? Our 75,000 shareholders are 
glad they did. 

HOW TO READ A 
FINANCIAL REPORT 
Plain talk in this 32 page booklet cuts 
through the financial mumbo jumbo. 
Explains what terms like "net fixed 
assets" and "total shareholders equity" 
mean. Shows .how to use an annual re
port as a guide for investment decision 
making. 

MERRILL, LYNCH, 
PIERCE, FENNER 
& SMITH, INC. 

------------ -

Annual Reports, P.O. Box 2503, Clinton, Iowa 52735 
I Or CALL FREE 800-431-1866 Ext. 30 

(In N.Y State 800-942-1917) 
I 

I've checked below which of the following 
companies I want to send me their most recent 
annual reports. I understand there's no cost or 
obligation. 

o 1 Aetna life 

o 2 Armco Inc. 

03 Ashland 

04 The Dun & 
Bradstreet 
Corporation 

o 5 GAF Corporation 

o 6 Internorth 

07 Koppers 
Company, Inc. 

08 Mead 

09 Combustion 
Engineering 

o 10 Great Northern 
Nekoosa 

o 11 Dominion Bridge 
Company 

o 12 W. R. Grace & Co. 

o 13 Merrill Lynch 
(How to Read a 
Financial Report) 

Name _________________________________________ _ 

AdJress ________________________________________ _ 

City State _________ Zip, _______ __ 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I This offer expires November 1, 1980. 
SA7S0 .. 

-------- -----
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MATHEMATICAL 
GAMES 

The pleasures of doing SClence 
and technology in the planiverse 

by Martin Gardner 

"Planiversal scientists are not a very 
common breed." 
-ALEXANDER KEEW A TIN DEWDNEY 

Afar as anyone knows the only ex
isting universe is the one we live 
in, with its three dimensions of 

space and one of time. It is not hard to 
imagine, as many science-fiction writers 
have, that intelligent organisms could 
live in a four-dimensional space, but 
two dimensions offer such limited de
grees of freedom that it has long been 
assumed intelligent two-space life forms 
could not exist. Two notable attempts 
have nonetheless been made to describe 
such organisms. 

In 1884 Edwin Abbott Abbott, a Lon
don clergyman, published his satirical 
novel Flatland. Unfortunately the book 
leaves the reader almost entirely in the 
dark about Flatland's physical laws and 
the technology developed by its inhabi
tants, but the situation was greatly im-

proved in 1907 when Charles Howard 
Hinton published An Episode 0/ Flat
land. Although the style and the charac
ters were flat even for a three-dimen
sional world, Hinton's story provided 
the first glimpses of the possible science 
and technology of the two-dimensional 
one. His eccentric book is, alas, long out 
of print, but you can read about it in the 
chapter "Flatlands" in my book The Un
expected Hanging and Other Mathemati
cal Diversions (Simon & Schuster, 1969). 

In "Flatlands" I wrote: "It is amusing 
to speculate on two-dimensional physics 
and the kinds of simple mechanical de· 
vices that would be feasible in a flat 
world." This remark caught the atten
tion of Alexander Keewatin Dewdney, 
a computer scientist at the University 
of Western Ontario. Some of his ear
ly spec ulations on the subject were set 
down in 1978 in a university report and 
in 1979 in "Exploring the Planiverse," 
an article in Journal 0/ Recreational 
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Mathematics (Vol. 12, No. 1, pages 
'
16-

20; September). Later in 1979 Dewdney 
also privately published "Two-dimen
sional Science and Technology," a 97-
page tour de force. It is hard to believe, 
but Dewdney actually lays the ground
work for what he calls a planiverse : a 
possible two-dimensional world. Com
plete with its own laws of chemistry, 
physics, astronomy and biology, the 
planiverse is closely analogous to our 
own universe (which he calls the steri
verse) and is apparently free of contra
dictions. I should add that this remark
able achievement is an amusing hobby 
for a mathematician whose serious con
tributions have appeared in some 30 pa
pers in technical journals. 

Dewdney's planiverse resembles Hin
ton's in having an earth that he calls (as 
Hinton did) Astria. Astria is a disklike 
planet that rotates in planar space. The 
Astrians. walking upright on the rim of 
the planet, can distinguish east and west 
and up and down. N aturally there is no 
north or south. The "axis" of Astria is a 
point at the center of the circ ular planet. 
You can think of such a flat planet as 
being truly two-dimensional or you can 
give it a very slight thickness and imag
ine it as moving between two frictionless 
planes. 

As in our world, gravity in a plani
verse is a force between objects that va
ries directly with the product of their 
masses, but it varies inversely with the 
linear d istance between them, not with 
the square of that distance. On the as
sumption that forces such as light and 
gravity in a planiverse move in straight 
lines, it is easy to see that the intensity of 
such forces must vary inverse ly with lin
ear distance. The familiar textbook fig
ure demonstrating that in our world the 
intensity of l ight varies inversely with 
the square of d istance is shown at the 
top of the illustration at the left. The 
obvious planar analogue is shown at 
the bottom of the illustration. 

To keep his whimsical project from 
"degenerating into idle speculation" 
Dewdney adopts two basic principles. 
The "principle of similarity" states that 
the planiverse must be as much like the 
steriverse as possible: a motion not in
fluenced by outside forces follows 
a straight line, the flat analogue of a 
sphere is a circle and so on. The "princi
ple of modification" states that in those 
cases where one is forced to choose be
tween conflicting hypotheses, each one 
equally similar to a steriversal theory, 
the more fundamental one must be cho
sen and the other modified. To deter
mine which hypothesis is more funda
mental Dewdney relies on the hierarchy 
in which physics is more fundamental 
than chemistry, chemistry more funda
mental than biology and so on. 

To illustrate the interplay between 
levels of theory Dewdney considers the 
evolution of the planiversal hoist in the 
top ill ustration on page 21. The engi-
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WHAT'SNEWS 
IN PA TENTS? 

A continuing series 
on progress 

by GE inventors. 
Last year, General Electric inventors 

were awarded over 600 patents, adding to 
GE's unsurpassed total of over fifty thousand 

U.S. patents, past and present. Here, GE 
reports on some recent patents-

and on the inventors who won them. 

Faust and Wagenknecht: 
High and fast vs. 

low and slow. 
There's no such th i ng as an all
purpose aircraft engine. 

Take the turbojet. It performs 
magnificently at high speeds and alti
tudes. But for flying lower and slower, 
the turbofan is a better choice. 

Could an engine be designed to 
operate in both modes? Many have 
worked on answering that question. 

One recent answer comes from 
GE engineers Kemp Faust and Con
rad Wagenknecht. 

Their brainchild is U.S. Patent 
Number 4,175,384 -"Indiv idual 
Bypass Injector Valves for a Double 
Bypass Variable Cycle Engine:' 

In the search for more versatile 
engines, Faust and Wagenknecht are 
part of a GE tradition of progress. 

Cline and Anthony: 
Migratory metals. 

"Impurities" in silicon wafers are 
what give the ubiquitous semicon
ductor its unique qualities. 

It was two GE physicists, Har
vey Cline and Tom Anthony, who de
vised one of the fastest and most pre
cise techniques of introducing such 
impurities by thermomigration. 

In thermomigration, one side of 
a silicon wafer is cooled, the othel' is 
heated. Metal-bearing liquid droplets 
migrate through the silicon from cold 
side to hot, leaving the metal dis
persed throughout the silicon. 

Cline and Anthony's patent, 
Number 4,184,897-"Droplet Migra
tion Doping Using Carrier Droplets," 
covers a process for depositing metals 
like antimony, arsenic and phos
phorus. As a result, thermomigration 
can now be used to fabricate the 
N-type (electron-rich) portions of 
semiconductors. 

Cline and Anthony are no strang
ers to progress. Between them, they 
hold many patents-more than fifty 
on thermomigration alone. 

Germer and Palmer: 
Leveling the peaks. 

Many electric meters can't tell time. 
They register nothing more than total 
power consumption. 

Too bad. Time-telling meters 
make it possible for utilities to charge 
one rate for peak usc; a lower one for 
off-peak use. That tends to flatten the 
peaks of daily demand. 

Enter·two Genel'al' Electric en
gineers, Warren Germer and Ansell 
Palmer. They've devised a program
mable meter that can tell both time of 
day and day of the week. (Weekend 
peaks differ from weekday ones.) 
Their patent, Number 4,199,717-
"Time-of-Day Demand Metering Sys
tem," is quite a breakthrough. 

Heart of Germer and Palmer's 
meter is a unique large-scale inte
grated circuit designed for this job 
alone. Incorporating a digital clock, 
the circuit can discriminate between 
peak and off-peak consumption and 
record both. It even stays on schedule 
during a power interruption. 

Thousands of the new meters 
are now part of power company test 
programs, giving many customers a 
real incentive to level out power use 
and reduce their electric bills. 

To learn more about GE research, write 
CeI1eral Electric, Sectiol1ii, Fairfield. CT 06431. 

Their system splits an engine's f-----------------'----------------I 
internal airflow into three streams 
that exit from a single, v ariable 
exhaust nozzle. The airflow is divided 
and selectively modulated by a vari
able area bypass injector. The system 
helps provide excellent efficiency at 
both cruising and high Mach speeds; 
low and high altitudes. 

Weve got a patent 
on progress. 

GENERAL. ELECTRIC 
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AFfER YOU C OMPARE IT 
FOR MILFS PER GAllON, 

COMPARE IT FOR 
COMFORT PER MI .. ' IE.,._ !!!!!!!!!!!!I!! 

Load up Renault Le Car, and take advantage of more luggage 
space than you'll find in either a Ford Fiesta or Honda Civic.t 

Settle into the anatomically-contoured seats, and luxuriate in 
more passenger room than either a Civic or a Datsun 210.t 

Pick out a really rough road, and watch Le Car 's four-wheel in
dependent suspension and standard steel-belted Michelin radials soak 
up jolts and bumps so well, they give you a smooth, level ride Motor 
Trend says "would do credit to far larger, more expensive cars:' 

Just visit one of the hundreds of Renault dealers from coast to 
coast, and take Le Car for a test-drive. 

When you read the mileage estimates, you'll know how much a 
car costs to drive. But only after you test it on the road will you 0 
know whether or not it's worth driving. 

'Remember: Compare these 1980 EPA estimates to estimated mpg for other cars. Your mileage may vary due to speed, trip length or weather. 
Your highway mileage will probably be lower. California excluded. tBased on 1980 EPA data. 

RENAULT LE CAR 
WE BUILD MORE INTO EC ONOMY CARS THAN JUST FCOl'lOM:Y.: 

Imported by"'. American Motors 
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neer who designed it first gave it arms 
thinner than those in the illustration, 
but when a metallurgist pointed out 
that planar materials fracture more eas
ily than their three-space counterparts, 
the engineer made the arms thicker. 
Later a theoretical chemist, invoking 
the principles of similarity and modi
fication at a deeper level, calculated 
that the planiversal molecular forces 
are much stronger than had been sus
pected, and so the engineer went back 
to thinner arms. 

The principle of similarity leads 
Dewdney to posit that the planiverse is a 
three-dimensional continuum of space
time containing matter composed of 
molecules, atoms and fundamental par
ticles. Energy is propagated by waves, 
and it is quantized .  Light exists in all its 
wavelengths and is refracted by planar 
lenses, making possible planiversal eyes, 
planiversal telescopes and planiversal 
microscopes. The planiverse shares with 
the steriverse such basic precepts as 
causality, the first and second laws of 
thermodynamics and laws concerning 
inertia, work, friction, magnetism and 
elasticity. 

Dewdney assumes that his planiverse 
began with a big bang and is currently 
expanding. An elementary calculation 
based on the inverse-linear gravity law 
shows that regardless of the amount of 
mass in the planiverse the expansion 
must eventually halt, so that a contract
ing phase will begin. The Astrian night 
sky will of course be a semicircle along 
which are scattered twinkling points of 
light. If the stars have proper motions, 
they will continually be occulting one 
another. If Astria has a sister planet, it 
will over a period of time occult every 
star in the sky. 

We can assume that Astria revolves 
around a sun and rotates to create day 
and night. In a planiverse, Dewdney 
discovered, the only stable orbit that 
continually retraces the same path is 
a perfect circle . Other stable orbits 
roughly elliptical in shape are possible, 
but the axis of the ellipse rotates in 
such a way that the orbit never exact
ly closes. Whether planiversal gravity 
would allow a moon to have a stable or
bit around Astria remains to be deter
mined .  The difficulty is due to the sun's 
gravity, and resolving the question calls 
for work on the planar analogue of what 
our astronomers know as the three-body 
problem. 

Dewdney analyzes in detail the nature 
of Astrian weather, with its analogues 
of our seasons, winds, clouds and rain. 
An Astrian river would be indistinguish
able from a lake except that it might 
have 'faster currents. One peculiar fea
ture of Astrian geology is that water 
cannot flow around a rock as it does on 
the earth. As a result rainwater steadi
ly accumulates behind any rock on a 
slope, tending to push the rock downhill: 
the gentler the slope is, the more water 

A plal/iversal hoisl 

acc umulates and the stronger the p ush 
is. Dewdney concludes that given peri
odic rainfall the Astrian surface would 
be unusually flat and uniform. Another 
consequence of the inability of water to 
move sideways on Astria is that it would 
become trapped in pockets within the 
soil, tending to create large areas of 
treacherous quicksand in the hollows of 
the planet. One hopes, Dewdney writes, 
that rainfall is infrequent on Astria. 
Wind too would have much severer ef
fects on Astria than on the earth because 
like rain it cannot "go around" objects. 

Dewdney devotes many pages to con
structing a plausible chemistry for his 
planiverse, modeling it as m uch as possi
ble on three-dimensional matter and the 
laws of q uantum mechanics. The illus
tration below shows Dewdney's period-

ATOMIC NAME SYMBOL 
NUMBER 1s 2s 

HYDROGEN H 

2 HELIUM He 2 

3 LlTROGEN Lt 2 

4 BEROXYGEN Bx 2 2 
5 FLUORON FI 2 2 

6 NEOCARBON Ne 2 2 

7 SODALINUM Sa 2 2 

8 MAGNILICON Me 2 2 

9 ALUPHORUS Ap 2 2 

10 SUL FICON Sp 2 2 

11 CHLOPHORUS Cp 2 2 

12 ARGOFUR AI 2 2 
13 HINTONIUM Hn 2 2 

14 ABBOGEN Ab 2 2 

15 HAROLDIUM Wa 2 2 

16 LAURANIUM La 2 2 

ic table for the first 16 planiversal ele
ments. Because the first two are so much 
like their counterparts in our world, they 
are called hydrogen and helium. The 
next 10 have composite names to sug
gest the steriversal elements they most 
resemble; for example, Iithrogen com
bines the properties of lithium and ni
trogen. The next four are named after 
Hinton, Abbott and the young lovers in 
Hinton's novel, Harold Wall and Laura 
Cartwright. 

In the flat world atoms combine natu
rally to form molecules, but of course 
only bonding that can be diagrammed 
by a planar graph is allowed. (This result 
follows by analogy from the fact that 
intersecting bonds do not exist in steri
versal chemistry.)  As in our world, two 
asymmetric molecules can be mirror 

SHELL STRUCTURE VALENCE 
2p 3s 3p 3d 4s 4p . . .  

2 

2 
3 

2 4 

2 1 

2 2 2 
2 2 3 
2 2 2 4 

2 2 2 5 
2 2 2 2 6 
2 2 2 2 

2 2 2 2 2 2 
2 2 2 2 2 3 
2 2 2 2 2 2 4 

Periodic table for the first 16 plallj,'ersal elelllellis 
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Hilltoll's Astriall (left). Dewdlley's Astriall (center) alld all Astriall bug-eyed mOllster (right) 

images of each other, so that neither one 
can be "turned over" to become identi
cal with the other. There are striking 
parallels between planiversal chemistry 
and the behavior of steriversal mono
layers on crystal surfaces [see "Two
dimensional Matter," by J. G. Dash; 
SCIENTIFIC AMERICAN, May, 1973]. In 
our world molecules can form 23 0 dis
tinct crystallographic groups, but in the 
planiverse they can form only 17. I am 
obliged to pass over Dewdney's specula
tions about the diffusion of molecules, 
electrical and magnetic laws, analogues 
of Maxwell's equations and other sub
jects too technical to summarize here. 

Dewdney assumes that animals on 
Astria are composed of cells that cluster 
to form bones, muscles and connective 
tissues similar to those found in steriver
sal biology. He has little difficulty show
ing how these bones and muscles can be 
structured to move appendages in such 
a way that the animals can crawl, walk, 
fly and swim. Indeed, some of these 
movements are easier in a planiverse 
than in our world. For example, a steri
versal animal with two legs has consid
erable difficulty balancing while walk
ing, whereas in the planiverse if an ani
mal has both legs on the ground, there 
is no way it can fall over. Moreover, a 
flying planiversal animal cannot have 
wings and does not need them to fly; if 
the body of the animal is aerodynami
cally shaped, it can act as a wing (since 
air can go around it only in the plane). 
The flying animal could be propelled by 
a flapping tail. 

22 

Calc ulations also show that Astrian 
animals probably have much lower 
metabolic rates than terrestrial animals 
because relatively little heat is lost 
through the perimeter of their body. 
Furthermore, animal bones can be thin
ner on Astria than they are on the earth, 
because they have less weight to sup
port. Of course, no Astrian animal can 
have an open tube extending from its 
mouth to its anus, because if it did, it 
would be cut in two. 

In the appendix to his book The Struc
ture and Evolution 0/ the Universe (Har
per, 1959) G. J .  Whitrow argues that 
intelligence could not evolve in two
space because of the severe restrictions 
two dimensions impose on nerve con
nections. "In three or more dimensions," 
he writes, "any number of [nerve] cells 
can be connected with [one another] in 
pairs without intersection of the joins, 
but in two dimensions the maximum 
number of cells for which this is possible 
is only four." Dewdney easily demolish
es this argument, pointing out that if 
nerve cells are allowed to fire nerve im
p ulses through "crossover points," they 
can form flat networks as complex as 
any in the steriverse. Planiversal minds 
would operate more slowly than steri
versal ones, however, because in the 
two-dimensional networks the pulses 
would encounter more interruptions. 
(There are comparable results in the the
ory of two-dimensional automatons.) 

Dewdney sketches in detail the anato
my of an Astrian female fish with a sac 
of unfertilized eggs between its two tail 

All Astriall ulldergroulld house 

muscles. The fish has an external skele
ton; and nourishment is provided by the 
internal circulation of food vesicles. If a 
cell is isolated, food enters it through a 
membrane that can have only one open
ing at a time. If the cell is in contact with 
other cells, as in a tissue, it can have 
more than one opening at a time because 
the surrounding cells are able to keep it 
intact. We can of course see every inter
nal organ of the fish or of any other 
planiversal life form, j ust as a four
dimensional animal could see all our 
internal organs. 

Dewdney follows Hinton in depicting 
his Astrian people schematically, as tri
angles with two arms and two legs. Hin
ton's Astrians, however, always face in 
the same direction: males to the east and 
females to the west. In both sexes the 
arms are on the front side, and there is a 
single eye at the top of the triangle, as is 
shown at the left in the top illustration 
on this page. Dewdney's Astrians are bi
laterally symmetrical, with an arm, a leg 
and an eye on each side, as is shown 
at the center of the illustration. Hence 
these Astrians, like terrestrial birds or 
horses, can see in opposite directions. 
Naturally the only way for one Astrian 
to pass another is to crawl or leap over 
him. My conception of an Astrian bug
eyed monster is shown at the right in the 
illustration. This creature's appendages 
serve as e ither arms or legs, depending 
on which way it is facing, and its two 
eyes provide binoc ular vision. With only 
one eye an Astrian would have a large
ly one-dimensional visual world, giving 
him a rather narrow perception of reali
ty. On the other hand, parts of objects 
in the planiverse might be distinguished 
by their color, and an illusion of depth 
might be created by the focusing of the 
lens of the eye. 

On Astria building a house or mowing 
a lawn requires less work than it does on 
the earth because the amount of materi
al involved is considerably smaller. As 
Dewdney points out, however, there are 
still formidable problems to be dealt 
with in a two-dimensional world: "As
suming that the surface of the planet is 
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absolutely essential to support life-giv
ing plants and animals, it is clear that 
very l ittle of the Astrian surface can be 
disturbed without inviting the biological 
destruction of the planet. For example, 
here on earth we may build a modest 
highway through the middle of sever
al acres of rich farmland and destroy 
no more than a small percentage of 
it. A corresponding highway on Astria 
will destroy all the 'acreage' it passes 
over. . . .  Similarly, extensive cities would 
quickly use up the Astrian countryside. 
It would seem that the only alternative 
for the Astrian technological society is 
to go underground. "  A typical subterra
nean house with a living room, two bed
rooms and a storage room is shown in 
the bottom illustration on the opposite 
page. Collapsible chairs and tables are 
stored in recesses in the floors to make 
the rooms easier to walk through. 

The many simple three-dimensional 
mechanical elements that have obvious 
analog ues on Astria include rods, levers, 
inclined planes, springs, hinges, ropes 
and cables. Wheels can be rolled along -
the ground, but there is no way to turn 
them on a fixed axle. Screws are impos
sible. Ropes cannot be knotted; on the 
other hand, they never tangle. Tubes and 
pipes must have partitions, to keep their 
sides in place, and the partitions have 
to be opened (but never all of them at 
once) to allow anything to pass through. 
It is remarkable that in spite of these se
vere constraints many flat mechanical 
devices can be built that will work. A 
faucet designed by Dewdney is shown 
in the middle illustration at the right. 
To operate it the handle is lifted. This 
action pulls the valve away from the 
wall of the spout, allowing the water to 
flow out. When the handle is released, 
the spring pushes the valve back. 

The device shown in the bottom ill us
tration at the right serves to open and 
close a door (or a wall). Pulling down 
the lever at the right forces the wedge 
at the bottom to the left, thereby allow
ing the door to swing upward (carrying 
the wedge and the levers with it) on a 
hinge at the top. The door is opened 
from the left by pushing up on the other 
lever. The door can be lowered from ei
ther side and the wedge moved back to 
stabilize the wall by moving a lever in 
the appropriate direction. This device 
and the faucet are both mechanisms 
with permanent planiversal hinges: cir
cular knobs that rotate inside hollows 
but cannot be removed from them. 

The illustration on page 26 depicts a 
planiversal steam engine whose opera
tion parallels that of a steriversal en
gine . Steam under pressure is admitted 
into the cylinder of the engine through 
a sliding valve that forms one of its walls 
(top). The steam pressure causes a pis
ton to move to the right until steam can 
escape into a reservoir chamber above 
it. The subsequent loss of pressure al
lows the compound leaf spring at the 
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Imagine a smokestack 
that turns heat into oil. 
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we did 
Now its a reality. 

You can't blame a guy for 
being concerned

' 
when he sees 

a lot of wasted energy going 
up a factory smokestack. 
Especially when he's riding in 
a carpool, doing his bit to 
conserve energy. Fortunately, 
though, the man is a Garrett 
engineer. And the sight of that 
smokestack is enough to start 
him thinking about putting 
all that untapped heat to work . 

A heat exchanger is design
ed and implemented to fit 
inside the stack of a furnace. 
It works like this: Gases rising 
through the stack (up to 
1500° F) are used to deliver 
"free" preheated air to the 
burner. T he result is 25% less 
fuel oil required to heat the 

furnace. Depending on how you 
look at it, that's quite an energy 
discovery. It's one reason 
why, when it comes to making 
engines and systems more 
efficient, more companies are 

turning to Garrett. 

We earned our wings in 
aerospace, then built ourselves 
into an industrial giant by 
keeping our feet on the ground. 
And our hands on a technology 
base just shy of awesome. 
But what's most important is 
the way we're structured to 
put that asset to work for you. 

Our engineers work in 
teams. No one is isolated to 
some remote piece of the puzzle. 
They work together, designing 
from the top, down. It's called 
synergy. The results have been . . 
unpreSSlve. 

For gas transmission 
companies, process industries, 
and other operators of large 
gas turbines up to the 100,000 
horsepower range, Garrett's 
heavy duty regenerators 
can reduce fuel consumption 
by as much as 30%. 

Using low emission, fluid
ized bed technology, we're 
developing a way to power gas 
turbines with America's most 
abundant resource, coal. At the 
same time, Garrett is pioneering 

Garrett 

in the use of ceramic turbine 
components to withstand the 
higher temperatures needed for 
the greatest turbine efficiency. 

We're working in other 
areas, too. In everything from 
nuclear power to mass transit, 
from processing plants to the 
high seas. Everywhere doing 
much the same thing - finding 
ways to make engines and 
systems work harder. But the 
real frontier for us is you. 

If you're wondering how 
we can make your enterprise 
work harder, write our 
President, Jack Teske, for 
more information. You'll find 
him at The Garrett Corporation, 
Dept. 1, P.O. Box 92248, 
Los Angeles, California 90009. 
Or drop by. But please, 
remember the heat America 
loses. And on your way out, 
don't forget to close the door. 

The aerospace company with its feet on the ground. 
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RESERVOIR 

CYL INDER 

A planiversal steam engine 
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right of the cylinder to drive the piston 
back to the left (bottom). The sliding 
valve is closed as the steam escapes into 
the reservoir, but as the piston moves 
back it reopens, pulled to the right by a 
spring-loaded arm. 

The illustration on the opposite page 
depicts Dewdney 's ingenious mechanism 
for unlocking a dOQr with a key. This 
planiversal lock consists of three slot
ted tumblers (a) that line up when a key 
is inserted (b) so that their lower halves 
move as a unit when the key is pushed 
(c). The pushing of the key is transmitted 
through a lever arm to the master latch, 
which p ushes down on a slave latch 
until the door is free to swing to the 
right (d). The bar on the lever arm and 
the lip on the slave latch make the lock 
difficult to pick. Simple and compound 
leaf springs serve to return all the parts 
of the lock except the lever arm to 
their original position when the door is 
opened and the key is removed. When 
the door closes, it strikes the bar on the 
lever arm, thereby returning that piece 
to its original position as welL This fiat 
lock could actually be employed in the 
steriverse; one simply inserts a key with
out twisting it. "It is amusing to think," 
writes Dewdney, "that the rather exotic 
design pressures created by the planiver
sal environment could cause us to think 
about mechanisms in such a different 
way that entirely novel solutions to old 
problems arise. The resulting designs, 
if steriversally practical, are invariably 
space-saving. " 

Thousands of challenging planiver
sal problems remain unsolved. Is  there 
a way, Dewdney wonders, to design 
a two-dimensional windup motor with 
fiat springs or rubber bands that would 
store energy? What is the most efficient 
design for a planiversal clock, tele
phone, book, typewriter, car, elevator 
or computer? Will some machines need 
a substitute for the wheel and axle? Will 
some need electric power? 

There is a curious pleasure in trying 
to invent machines for what Dewdney 
calls "a universe both similar to and 
yet strangely different from ours ."  As 
he puts it, "from a small number of 
assumptions many phenomena seem to 
unfurl, giving one the sense of a kind 
of separate existence of this two-dimen
sional world. One finds oneself speak
ing, willy-nilly, of the planiverse as 
opposed to a planiverse . . . .  [For] those 
who engage in it positively, there is a 
kind of strange enjoyment, like [that of] 
an explorer who enters a land where 
his own perceptions play a major role 
in the landscape that greets his eyes. " 

Some philosophical aspects of this ex
ploration are not triviaL In constructing 
a planiverse one sees immediately that it 
cannot be built without a host of axioms 
Leibniz called the "compossible" ele
ments of any possible world, which al· 
Iow a logically consistent structure. Yet 
as Dewdney points out, science in our 
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universe is based mainly on observa
tions and experiments, and it is not easy 
to find any underlying axioms. In con
structing a planiverse we have nothing 
to observe. We can only perform ge
danken experiments (thought experi
ments) about what might be observed. 
"The experimentalist's loss," observes 
Dewdney, "is the theoretician's gain. " 

I urge all who want to participate in 
this delightful enterprise (or to learn 
more about it) to obtain Dewdney's 
monograph. He tells me he will send it 
postpaid for $5 to anyone in the U.S. 
or Canada, with an additional mailing 
charge for other countries. Checks or 
money orders should be made out to 
Dewdney and sent to him at the Depart
ment of Computer Science, University 
of Western Ontario, London, Ont. ,  Can
ada N6A 5B9. If enough people become 
engaged in planning a planiverse, Dewd
ney intends to publish their contribu
tions on an annual basis. 

A marvelous exhibit could be put on 
of working models of planiversaJ ma
chines, cut out of cardboard or sheet 
metal and displayed on a surface that 
slopes to simulate planiversal gravity . 
One can also imagine beautiful card
board exhibits of planiversal land
scapes, cities and houses. Dewdney has 
opened up a new game that demands 

a 

TUMBLERS 

knowledge of both science and mathe
matics: the exploration of a vast fantasy 
world about which at present almost 
nothing is known. 

It occurs to me that Astrians would 
be able to play two-dimensional board 
games but that such games would be as 
awkward for them as three-dimensional 
board games are for us. I imagine them, 
then, playing a variety of linear games 
on the analogue of our 8-by-8 chess
board. Several games of this type are 
shown in the illustration on page 3 1. 
Part a shows the start of a checkers 
game. Pieces move forward only, one 
cell at a time, and j umps are compul
sory. The linear game is equivalent to 
a game of regular checkers with play 
confined to the main diagonal of a stan
dard board. It is easy to see how the 
second player wins in rational play and 
how in misere, or "giveaway," checkers 
the first player wins j ust as easily. Linear 
checkers games become progressively 
harder to analyze as longer boards are 
introduced. For example, which player 
wins standard linear checkers on the 1 1-
cell board when each player starts with 
checkers on the first four cells at his end 
of the board? 

Part b in the illustration shows an 
amusing Astrian analogue of chess. On 
a linear board a bishop is meaningless 
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350-A Fischer Avenue Dept. AD6. 
Costa Mesa, California 92626 (714) 540-4444 
Call our toll-free number for quickest service or send your 
check, money order, or credit card info. Please allow time 
for checks to clear. We accept VISA, M.C., A.E., D.C. 
charge cards. Add $2.50 for insured postage & handling for 
first product & $1.00 for each additional product. Calif . 
residents add 6% sales tax. 
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Take either the 
Basic Astronomy Library 

for only $3.00 
(a $61.75 value) 

Here's a carefully selected set of five books that will 
provide you with a basic. well-rounded astronomy 
library. First, a "must" for any astronomy reader, the 
Illustrated Encyclopedia of Astronomy and Space. 
Then, Jacqueline Millon's invaluable introduction to 
the fundamentals, Astronomy: An Introduction for 
the Amateur Astronomer. Next, a marvelously read
able overview of the latest advances in the "new 
astronomy," Walter Sullivan's Black Holes. Then, the 
Catalog of the Universe, which features more than 
300 photographs. Finally, a useful guide that will 
show you how to locate and identify more then 4,000 
stars that are visible to the naked eye, Star Atlas_ 
Publisher's price for five-book set: $61.75. Counts as 3 
of your 3 books. To order, check Basic Astronomy 
Library-A on your coupon. 

or any 3 bo.oks for only $1.00 each (values to $53.85) 
II you will Join now lor a trial period and agree to take 3 more books-at handsome discounts-over the next 12 months 

Astronomy Book C.',�J2 

85461. UNTIL THE SUN 
DIES. Roberl Je,s,ro\\,. Ac
count of the creation of the 

universe and the evolution 
or life. 58.95 

73635-2. THE REALM OF 
T HE TERRESTRI A L  
PLANETS. Z"enek Kopul. 
Fully illuSlr"led "ceounl of 
recenl pl"nel"ry probes. 
Cou n l s  as 1 o f  y o u r  3 
books. $19.95 
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73015-2. PULSARS. MUI/· 
ch e ste r a n "  Tayl o r .  
Hundreds o r  Ch"rls. lables 
and illustrations. Counts as 
2 0/ ),ollr 3 books. 522.50 

73940. THE RESTLESS 
UNIVERSE. Hel/ry L. 
Shipmal/. A 450-p"ge lour 
of modern a s t r o n o my 

517.75 

� 

57833. THE LAROUSSE 
GU I DE TO ASTRON
OMY. Dovi" Baker. Packed 
wilh color pholos "nd illus
lralions. 515.95 

34663. ASTRONOMY: 
The Cosmic Journey. Wi/· 
Iiam K. Harfmann. Tour of 
the universe and man's cf· 
forts to understand it. Over 
600 phologra phs. 517.95 

80250. STARS: Their Birlh, 
Life, and Dealh. losi/ S .  
Shklovskii. S17.50 

42208. DICTIONARY OF 
ASTRONOMY, SPACE, 
AND ATM O SPHERI C 

PHENOMENA. Davi" F. 
T"er el 01. Over L.OOO en
tries Indudes star charts 
and more Ih"n 150 illuslra
lions. 517.50 

� 

0UIeI'rn::. I FoI'rnearnatelll' I fGIII1II -

Ii 
It:lIt'l!l'1t'" 

66560. OUTER S PAC E 
PHOTOCRAPH Y FOR 
THE AMATEUR. Henry E. 
Paul 510.95 

79175-2. SOLAR SYSTEM. 
Pe ler Rya n. Dr a malic 
painlings. special ch"rts and 
di"grams and over 100 pho
lographs laken in space. A 

u ni que . ou t sized 
(81J .. 11X 11 1/2 ") book. Counts as 
2 o/your 3 books. 519.95 
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8 02 0 0 - 2 .  STARS A N D  
C L U S TE R S . C e c i l i a 
Pa y ne-Gap oschk in. Over 
120 line drawings and 100 
photos follow the life of a 
star from protostar to black 
hole. COUfllS as 2 of your 3 
bouks. S22.5O 

5 9800. MAN DISCOVERS 
THE GALAXIES. Richard 
E. Berendzen el 01. A study 
of what is known about the 
galaxies. and how we came 
to know it. Over 200 illus
trations. S15.95 

37953. A CHOICE OF CA
TASTROPHES. Isaac Asi
mol'. Supernovae. ice ages. 
meteors. another Skyrab. 
many more. SI1.95 

79735. SPACESHIPS OF 
THE MIND. Nigel Calder. 
Proposals for man's sell" 
directed evolution. his colo
ni7...ation of space, and the 
restoration of the earth to a 
more natural state. $14.95 

36875. BROCA'S BRAIN: 
Reflec tions On The Ro
m ance Of Sc ience. Carl 
Sagan. Lucid account of re
cent astronomical discover
ies. Debunks UFO's and 
other pseudos cient ific 
ideas. S12.95 

63217. MURMURS OF 
EARTH : The Voyage.r In
terstella r Rec o r d .  Carl 
Sagan el 01. The story of the 
recorded messages carried 
by t h e  V o y a g e r  spa c e  
probe. $15.00 

5 5 0 0 1 . T H E  ILLUS
TRATED ENCYCLOPE
DIA OF A STRONOMY 
AND SPACE. $17.95 

66275-3. THE ORIGIN OF 
THE SOLAR SYSTEM. 
S.F Dermoll. Planet forma
tion. galactic processes. gra
vitational effects. and much 
more. Counls as 3 of your 3 
books. S39.00 

44930-2. THE ENCYCLO
P A E D I A  O F  I G N O 
RANCE. Ediled by Duncan 
and Weslun-Smilh. 58 inter
nationally renowned scien
tists highlight topics ranging 
from evolutIon to brac� 
holes. Counls as 2 of your 3 
books. S30.00 

47210-2. THE EXPLOD
ING UNIVERSE .  N i gel 
Henbesl. How new discov
eries have changed our view 
of stars. galaXIes. planets. 
black holes and more. Spec
tacularly illustrated. Counls 
as 2 of your 3 books. $19.95 

36400. BLACK HOLES: 
The Edge of Space. The End 
of Time. Waller SuI/ivan. 

S17.95 

81403. SUN. MOON, AND 
STA NDING ST ONE S .  
John Edwin Wood. The lat
e s t  fin d i n g s  fr o m  r e 
searchers i n  archaeology. 
astronomy. climatology. and 
physics. Illustrated. 514.95 

83850-3. THEORY OF RO
TATING STARS. J ean
Louis Tassoul. The entire 
field of stellar rotation. 
from the basic observation
al data to theories on struc
ture. stability and evolution 
of rotating stars. COLInts as 3 
ofvour 3 books. S40.00 

69303. PLANETARY EN
COUNTERS. Roberl M. 
Powers. The case for all-out 
exploration of our solar sys
tem in this century. S13.95 

34661. ASTRONOMY: An 
Introduction for the Ama
teur Astronomer. Jacqueline 
Millon. $7.95 

69327. PLANETS AND 
M OONS. William J. Kauf
mann I fl. 513.00 

5 7 3 7 3 .  K N OWLE D G E  
AND WONDER: The Nat
ural World as Man Knows 
It. ViClor F Weisskop! Re
vised classic primer of 
twentieth century science. 
From astrophysics and cos
mology to particle physics. 
biochemistry and genetics. 
With 70 illustrations. 515.00 

36170-2. THE BIG BANG/ 
T H E  DEATH OF T H E  
SUN. Two books. Firsl. the 
creation of the galaxies. 
stars. and planets. and their 
probable (ate. Then, the lat
est ideas on the origin. me
chanics. and influence of 
our nearest staT. Counts as 1 
of your 3 books. $26.95 

55116-2. IN SEARCH OF 
ANCIENT A STRONO
MIES/T H E  NEW A S
TRONOMY. Two books. 
C o u n l s  as 2 o f  y o u r  3 
hooks. $22.95 

and • • • 
34683-2. ASTRONOMY 
OF T H E  A N C IENTS/ 
GALAXIES AND QUA
SARS. Two books. Counls 
as 2 of your 3 books. S25.5O 

If the reply card has been removed, please write to 
Astronomy Book Club 

Dept. L-AC6.R1verslde, N.J. 08370 
to obtain membership information and an application 
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THE MORE YOU KNOW ABOUT MOPEDS 
THE MORE YOU'LL WANT A VESPA. 

For a rather enlightened group of people, mopeds have 
become one of the smartest ways to get around the 
problem of getting around. 
While mopeds are a good idea, Vespa makes them even 
better. Vespa's two-passenger Grande, the new Si (say 
"see"), Bravo and Ciao (say "chow") give you more 
of what you're buying a moped for. 
Zipping around town at up to 160 miles per gallon they 
add distinctive finesse to making your appointed rounds. 
You'll appreciate their stylish size and maneuverability 
whether motoring to your favorite sporting event or 
neighborhood merchant. 
Vespa mopeds are superbly designed to take every ride 
in stride. Each features unitized frame construction for 
strength and comfort, separate belt and chain drive 
system for convenience and quiet dependability, forced
air rotary induction engine for durability and efficiency 
plus an exclusive variable-ratio belt drive for extra power 
when you need it. 
For extra confidence we offer an unlimited mileage 12-
month warranty. 

Over 30 years of engineering excellence and experience 
have supplied over 2 million Vespa mopeds and 6 million 
Vespa scooters to people all over the world. 
We invite you to see the superior Vespa value for yourself. 
Visit your local Vespa dealer now for an insightful and de
lightful demonstration ride. Look in the Yellow Pages or 
write us for nearest location. 
The more you know, the more you'll go for a Vespa moped. 

ation and ownership. Ask � your Vespa dealer about 

Mileage is based on CUNA Standards. Yours may vary. The Vespa 
Grande is built for two persons. Two-passenger operation is not 
permitted in some states. ®. Check local laws for oper· 

Vespa limited Warranty. \..otJ Vespa of America, 
Consumer Relations, - -� 355 Valley Drive, « ® Brisbane, CA 94005. � 

PIAGGIO GROUP 

vespa® 
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and a queen is the same as a rook, and so 
the pieces are limited to kings, knights 
and rooks. The only r ule modification 
needed is that a knight moves two cells 
in either direction and can j ump an in
tervening piece of either color. If the 
game is played rationally, will either 
White or Black win or will the game end 
in a draw? The question is surprisingly 
tricky to answer. 

Linear go, played on the same board, 
is by no means trivial. The version I 
shall describe was invented 10 years ago 
by J ames M arston Henle, a mathemati
cian who is now at Smith College. Called 
pinch by Henle, it is published here for 
the first time. 

In the game of pinch players take 
turns placing black and white stones on 
the cells of the linear board, and when
ever the stones of one player surround 
the stones of the other, the surrounded 
stones are removed. For example, both 
sets of white stones shown in part c of 
the ill ustration are surrounded. Pinch is 
played according to the following two 
rules. 

Rule 1:  No stone can be placed on a 
cell where it is surrounded unless the 
move serves to surround a set of enemy 
stones. Hence in the situation shown in 
part d of the ill ustration White cannot 
play on cells 1, 3 or 8, but he can play on 
cell 6 because this move serves to sur
round cell 5. 

Rule 2: A stone cannot be placed on a 
cell from which a stone was removed on 
the last play if the p urpose of the move 
is to surround something. A player must 
wait at least one turn before making 
such a move. For example, in part e of 
the illustration assume that Black plays 
on cell 3 and removes the white stones 
on cells 4 and 5 . White cannot play on 
cell 4 (to surround cell 3) for his next 
move, but he may do so for any later 
move. He can play on cell 5, however, 

2 3 4 

a 

b 

c 

d 

e 

because even though a stone was j ust 
removed from that cell, the move does 
not serve to surround anything. This 
rule is designed to decrease the number 
of stalemates, as is the similar rule in go. 

Two-cell pinch is a trivial win for the 
second player. The three- and four-cell 
games are easy wins for the first player if 
he takes the center in the three-cell game 
and one of the two central cells in the 
four-cell one. The five-cell game is won 
by the second player and the six- and 
seven-cell games are won by the first 
player. The eight-cell game j umps to 
such a high level of complexity that it 
becomes very exciting to play. Fortunes 
often change rapidly, and in most situa
tions the winning player has only one 
winning move. 

Next month I shall disclose which 
player has the win in eight-cell pinch 
and answer questions about the other 
three linear games. 

T ast month's problem was to deter
L mine whether the three models of 
a 4-group were examples of the cyclic 4-
group or the Klein 4-group. All three are 
Klein 4-groups. An easy test for deter
mining the character of a given 4-group 
is checking to see whether each opera
tion in the group is its own inverse. If it 
is, the group is a Klein 4-group. 

The two groups of order 4 provide the 
most basic example of the way simple 
groups, the building blocks of all finite 
groups, do not behave like primes. Both 
4-groups include the same set of simple 
subgroups: the identity group and three 
order-2 groups, each consisting of the 
identity operation and one of the other 
three operations. Yet the two 4-groups 
are not the same. In other words, al
though the product of a set of primes is 
always a unique number, the same set of 
simple groups can combine to create 
more than one composite group. 

5 7 
r==J 

8 
r==J 

Linear checkers (a), chess (b) a1/d go (c, d, e) 

'� chronicle 
of human 
adaptation 
and change ... 

stretching from our species' 
o r i g i n s  s o m e  10 m il l i o n  
years ago t o  the threshold 
of the modern world:' 

-Publishers Weekry 

An i ndisputably authoritative 
world-wide survey of archaeol
ogy including the dramatic new 
discoveries and dating methods 
that help pinpoint the origins and 
development of civilization. 

The Cambridge 
Encyclopedia of 
Archaeology 
Edited by ANDREW SHERRATI • 

Text by over 50 outstanding 
international scholars · Over 400 
maps, drawings and photos. 

Explorers Book Club Main 
Selection • History Book 
Club Alte rnate · Book-of
the-Month Club Dividend • 

Preferred Choice Bookplan 
Selection 

A Crow n / Cambridge 
University Press Book 

$35.00, now at your bookstore, or send 
check or money order to Crown Publish
ers, One Park Ave. ,  N .Y., N . Y. 1 001 6. 
Please add $1 .50 postage and handling 
charge. N . Y. and N .J.  residents, add 
sales tax. 
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SURPRISED BY LIFE 
OCEANUS FOllOWS 

DEEP·DIVING SCIENTISTS 
TO A NEW FIND 

Most of the ocean floor a mile and a half down 
is not crawling with life. But some of it is, as 
scientists aboard the tiny submersible Alvin 
discovered recently when they hovered over 
a warm-water vent in the Galapagos Rift off 
the western shoulder of South America. 
Under them were colonies of large clams, 
rnussles, crabs and-most surprising of ali
a type of giant, red-tipped seaworm never 
seen before. Here. near waters sailed by 
Charles Darwin, was a food web sufficient to 
support a few meters of riotous life on the 
otherwise desolate bottom. 
This is the sort of development OCEANUS is 
in business to cover. Through our pages. 
investigators in the vanguard of the marine 
sciences report directly to you in language 
anyone seriously interested in the sea can 
understand. We are published by Woods 
Hole Oceanographic Institution, one of the 
leading centers of ocean research in the 
world--and home base for Alvin as well as 
large surface vessels designed for exploration 
anywhere in the ocean. We search out 
scientists and policy experts around the 
world and organize most of their material in 
thematic issues. Recent topics have included 
energy and the sea. food from the sea. 
pollution, climate. estuaries. 
If you're drawn to the sea and what it means 
to all of us. you'lI want to read OCEANUS. 
the illustrated magazine of marine research. 

Oceanus 
SUBSCRIPTION DEPT. BOX SC 
1172 COMMON WEALTH AVE. 
BOSTON, MASS. 02134 
Please enter my subSCription to OCEANUS 
for 
o one year/four Issues: $15.00 
o two years/save $5.00: $25.00 
o check enclosed* (we request prepayment) 
o bill me 
(outside of US and Canada add $2 per year 
to these rates) 

Name 

Address ___________ _ 
City State ___ Zip __ 
'Please make check payable to Woods Hole 
Oceanographic Institution. Checks 
accompanying foreign orders must be 
payable in U . S . dollars and drawn on a U.S 
bank. 
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From two million cases of smallpox to none, 

and reactions to the coming of the white men 

by Philip Morrison 

T
HE ERADICATION OF SMALLPOX 
FROM INDIA, by R. N. Basu, Z. Jez
ek and N. A. Ward. South-East 

Asia Regional Office, World Health Or
ganization, WHO Publications Centre 
U.S.A., 49 Sheridan Avenue, Albany, 
N. Y. 122 10 ($2 1.60). Lakshmi, beauti
ful consort to great Vishnu, is the gener
ous source of prosperity and good for
tune. Born in the Ocean of Milk, she has 
placed her sign in milk. No one who 
seeks her favor would' turn aside any 
offer of a foamy beaker of milk, set at 
every good meal in all India. There are 
less benign deities in the pantheon of the 
subcontinent. Mother Shitala is repre
sented as a woman of commanding pres
ence, large-eyed and grave. She rides the 
land past rich and poor on her humble 
vehicle, the donkey. In her right hand 
she holds a pitcher of water, in her left a 
dry broom. On her head she balances 
with womanly dexterity as Indian as the 
summer monsoon a basket filled with 
grain. As she rides she may happen to 
shake her powerful head. Each grain 
she spills turns into a smallpox pustule; 
her marked victim will survive if she 
cleans away the spilt grain with a swish 
of water, but if she uses only the dry 
broom, the pox will take a life. Her 
temples dot the land; she has been pro
pitiated in painted image whenever in 
India smallpox has come, surely for 
thousands of years. 

The bounty of Lakshmi is one out
come of the ancient symbiosis between 
cattle kind and humankind, important in 
India since the Neolithic. The ugly bur
den imposed by arbitrary Shitala may 
well, however, be another element of 
that same tie between our two mamma
lian species. It is at least an attractive 
surmise that variola, the smallpox virus, 
first came to mankind from the cattle we 
have so long tended, after some particu
lar modifying genetic event. Smallpox is 
Old World, unknown in the Americas 
before Col urn bus, and deadlier there 
than all the cannon and cavalry of the 
conquistadors. It is invariably virulent 
in man, without any carriers or invisible 
infection; what you get, you see. That 
bespeaks the novelty of the parasitism; 
there has been no time for the evolution 
of an enduring temperate relation be
tween the virus and the host. 

Smallpox needs a sizable population 
to offer new hosts; otherwise it dies out 
through the long immunity it confers 
on those who recover. Hunters might 
have acquired the new virus from oth
er primates, in which similar pox vi
ruses are known. But hunting bands are 
small, and their contact with the other 
primates is very old. Rather, the cow
pox vaccine that in the experience of 
Americans has ended smallpox gets its 
very name from the gentle milch cow, 
whence Edward Jenner believed he had 
taken a mild surrogate for the dread dis
ease, Nowadays it is thought the mod
ern strains of the cowpox vaccinia virus 
are variants of the human variola virus 
itself, although they are still harvested 
in quantity from the skin lesions of inoc
ulated calves or sheep, or from grow
ing chick embryos. 

The news is victory. Shitala Mata has 
decided to hold her head uncommon
ly steady these days, Across the entire 
country, from alpine Ladakh up against 
Tibet to the forested Andaman Islands 
in tropical seas, not one grain is spilt. 
No case of smallpox is to be found in 
all India. The last-reported smallpox pa
tient there was discharged from the hos
pital on July 4, 1975; her pocked face 
confronts the reader. Saiban Bibi, a mi
grant beggar woman from Bangladesh, 
developed a fever and a rash "while liv
ing on the platform of the Karimganj 
railway station. " Shivering with ague, 
subsisting for a few days on the tea she 
could get from the third-class waiting
room stall 10 meters away, she finally 
walked to the hospital, to enter history. 

Polyglot and wonderfully diverse, 
some 600 million people live under the 
rule of Delhi, in about 1 15 million 
dwellings of every kind, Many millions 
wander the roads and the streets, pil
grims, migrants, homeless. Thirty years 
ago some 250,000 cases of smallpox 
were reported there every year, the ma
jority of all the world's human hosts to 
variola. There is excellent reason to esti
mate that the cases were then massively 
under-reported; it is likely there were 
more than two million sufferers each 

. year, a fourth of them fataL A graph 
shows the cases reported from 1950 
on; there are peaks every four to seven 
years, time to accumulate a pool of new 
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susceptibles "following the high birth 
rate " in densely populated areas. 

In 196 1 war was declared on smallpox 
by India: the National Smallpox Eradi
cation Programme was set in motion. 
Hopes were high; the U.S.S.R. gave In
dia half a billion doses of its newly de
veloped freeze-dried vaccine. Smallpox 
remained vigorously endemic. By 1966 
there had been half a billion vaccina
tions, but the case rate had not materi
ally decreased. To be sure, there were 
many states, particularly in the south, 
where smallpox was now rare and al
most entirely imported from elsewhere. 
But mass vaccination could never reach 
all the teeming inhabitants; the disease 
prospered among the many who were 
missed. 

The Intensified Campaign began in 
1973. WHO had fixed on and demon
strated a new worldwide strategy; India 
was the most challenging theater of the 
war, particularly the populous Gangetic 
valley. The plan was powerful. Its base 
was the sure intelligence that this disease 
cannot hide; its spread is solely by close, 
although not necessarily intimate, hu
man contact. Every infection shows up 
within a couple of weeks, and people 
can spot the fever with rash every time. 
True, it takes more skill to distinguish 
smallpox from other contagious rash
es, but in any case the alarm has been 
sounded. The logistics were favorable; 
the old liquid vaccine, temperature-�en
sitive and often nothing but glycerine 
and dead virus, was no longer in service. 
Four Indian centers were in full produc
tion by 1973, making enough of the new 
quick-frozen and vacuum-dried vaccine 
to serve India and four of its neighbors. 
A central laboratory in Delhi and a 

WHO laboratory abroad monitored the 
output against world standards of po
tency and bacterial sterility. 

Finally came the bifurcated needle, 
the right weapon for the front-line vac
cinator. It is sparing of ammunition; a 
quarter of a cubic centimeter of vaccine 
could support a long day's work for an 
energetic young person, more than 100 
vaccinations. The take rate was close to 
100 percent among primary vaccinees. 
A vaccinator moving from house to 
house needs only a vial of diluted freeze
dried vaccine and a plastic tube full of 
bifurcated needles. With a new vial of 
vaccine and the same needles, simply 
boiled after hours to sterilize them, the 
soldier is armed for another day. "In 20 
minutes an untrained worker could be 
converted into a skilled vaccinator. " 

The tactical plan was clear, soundly 
based on epidemiology. Search out ev
ery outbreak and then contain it. When 
the season of disease opened in the 
spring of 1973, the forces were ready. 
Their first task was a periodic national 
search for cases. In each of the nearly 
400 administrative districts of India the 
primary health-center staff was drafted 
for search, a week per month in endemic 
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states, less in the nonendemic areas. Out 
they spread, each with a photograph 
showing a smallpox-affected child, to 
ask city people and villagers, teachers, 
mailmen, doctors of ayurvedic medicine 
and leaders of every kind if they knew of 
a case of smallpox. The weekly markets 
were regularly targeted, together with 
"bus stands, ... schools, railway stations, 
tea and betel shops, mosques, temples 
and migrant camps and brick kilns." 

One hundred and fifty thousand peo
ple took part in the searches. They did 
not neglect travelers on the road, dock
side, rail platform, forest camp and river 
island. A typical district includes some 
200 villages, about the equivalent urban 
population in a dozen municipal wards. 
Once an outbreak was found (any vil
lage or ward with one or more cases 
in the preceding six weeks was defined 
as an outbreak) it was contained. Came 
the vaccinators, one full-time person for 
20,000 people on the average, and one 
noncom, an experienced supervisor, for 
each squad of four. They followed the 
chain of which the reported case made 
one link. The people in the nearest hous
es were all vaccinated, if possible within 
24 hours. All other contacts that could 
be established were followed up for vac
cination; if the chain left the district, ur
gent notice was sent in person or by 
wire. As long as outbreaks were many, 
these measures were necessarily mini
mized. At first only 50 nearby houses 
could be visited with needles; then as 
cases dwindled the number of houses 
grew to 200. Later the entire village was 
included in the treatment, and finally a 
10-mile radius was. 

By the end of 1973 the maps show 
the endemic regions in a clear light. 
Four populous states held 80,000 cases 
among them; the rest of the country had 
only 5,500. In the little-affected areas 
the campaign could go on the offensive. 
There house-to-house searches could be 
undertaken in every village that report
ed an outbreak, instead of relying on the 
reports of leaders. Forces concentrated 
in the worst areas. The local staff was 
reinforced, often with international epi
demiologists and special mobile teams. 
There was dramatic progress after the 
monsoon of 1974, yet in the worst places 
a bitter fight remained. Visitors came 
too often to affected houses; even pa
tients were found to move from place to 
place. Now, however, bigger teams of 
vaccinators could be sent to any out
break. Local watchmen were hired and 
posted in pairs at the door on a 24-hour 
basis. Food was provided for the fami
ly within. By the end of 1974 the map 
shows outbreak dots in only a few dozen 
districts. 

The year of Operation Smallpox Tar
get Zero was 1975. It is the chief plea
sure of this well-illustrated, detailed and 
candid volume that the authors offer 
persuasive evidence that no smallpox 
case was left in India after the summer 
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of that year. The argument springs real
Iy.from continuity. Down the outbreak 
numbers steadily fall. The workers, no 
longer vaccinating so much, can post 
or stencil signs on every school, indeed 
on 10 or 15 million houses in all In
dia, offering a cash reward for notice 
of a smallpox case. The reward grows; 
the payoffs are progressively fewer. The 
smallpox workers seek cases of fever 
with rash, and they see plenty of them. 
But these patients have chickenpox, not 
smallpox, and the virologists confirm 
the judgment. 

A million cases of fever and rash, 
mainly chickenpox and measles, were 
reported in 1975; hundreds of them re
sulted in death. But the presence of a 
smallpox vaccination scar, the determi
nation of contact with someone else suf
fering from another infection or other 
evidence made it clear that smallpox 
was not implicated in a single fatal case. 
In 1972 one district had deliberately 
concealed its epidemic of more than 
1,000 cases. Of course, the event finally 
came to light, and the "transmission was 
arrested." The rewards for case notifica
tion were extended to reward both the 
public informant and the health worker 
who made the first report. In another 
district chickenpox was the diagnosis 
for more than a dozen suspected small
pox outbreaks. The verification of the 
diagnoses was then set into routine op
eration. 

The great steel complex at Jamshed
pur became for the month of May, 
1974, "the world's greatest exporter 
of smallpox." The steel towns are pros
perous; they attract beggars, transients, 
poor relations. A third of the third-class 
passengers at the station were unautho
rized, ticketless travelers whom no one 
tried to stop. Responsibility was diffuse. 
Once the problem came to light two 
months of stringent control-barricaded 
roads, checkpoints, companies asked to 
deny travel leave to unvaccinated em
ployees and their families-ended the 
matter. Finally, long after public no
tice of the last case in India, the coro
ner's court in Bombay declared after 
an autopsy that a four-year-old boy had 
died from "complications of smallpox." 
That protocol of autopsy was done in 
secret by the police. Burial was at noon 
one day. By five in the afternoon the 
international commission of assessment 
had asked for exhumation of the body. 
Fluid was collected from some SO vesi
cles. The virus laboratory reported the 
samples negative for smallpox. The fa
tal illness was chickenpox; the Bombay 
coroner was wrong. 

The war is won worldwide, at least for 
a good while. Smallpox is possibly to be 
found somewhere in the war-torn Horn 
of Africa; it is under guard in some labo
ratories and nowhere else as far as is. 
known. In India even the laboratories 
made their final gesture of peace; all 
four research centers known to hold va-

riola virus destroyed their stocks. All 
other medical schools and virus labora
tories in India have been checked, and 
all published literature issuing from 
India on smallpox has been examined 
to locate other possible virus workers. 
There is no known virus left. A tragedy 
like that of Birmingham-escaped lab
oratory virus-cannot happen in India. 
Maybe there is some wild primate vec
tor, although it is not expected. Small
pox has been routed in its ancient home; 
Shitala Mata will ride head high, unseen 
forever. 

It is a grand triumph. Science, reason, 
energy and devotion have won. There 
were of course those who resisted vac
cination. Indeed, there is a real risk of 
death from vaccination (one in about 
10 million in Indian circumstances), al
though those who resist it do not depend 
on such arguments. Most of the 3 per
cent of initial resisters were women past 
70. Persuasion, tact, the use of local 
workers, of senior staff or of female 
team members, particularly in Muslim 
areas, generally overcame their refus
al. In the end resistance had no sub
stan tial effect. 

After a stringent series of all-India 
verification surveys an international 
commission declared India free of 
smallpox on April 23, 1977. They had 
good reason. This volume is the re
quired record of the entire campaign; 
the three authors are themselves vet
erans of the war, Delhi-based officers 
of WHO. (They are surely among the 
group here photographed in handsome 
T-shirts inscribed Smallpox Zero.) The 
cost was $95.4 million, the auditors say, 
with a saving for India of $91 million 
per year, not costing out bereavement, 
disfigurement and pain. 

Human beings are able to stand united 
against a virus. Divided by nation, caste 
and class, they are less able to amelio
rate more human problems. Saiban Bibi 
is immune to smallpox now; one won
ders if she is yet immune to sleeping on 
railway platforms. Still, there rises from 
these lively pages, with all their maps, 
forms and graphs, the distant fragrance 
of rational hope. 

C HRISTO: RUNNING FENCE, SONOMA 

AND MARIN COUNTIES, CALIFORNIA 

1972-76. Narrative text by David Bour
don. Photographs by Gianfranco Gor
goni. Chronicle by Calvin Tomkins. 
Harry N. Abrams, Inc., Publishers 
($200). The inception is brilliantly doc
umented. "RUNNING FENCE project for 
the West Coast. Woven synthetic fabric 
forming Fence, attached to an upper 
steel cable and to 20 feet high poles, 
spaced 60 to 80 feet, running 18 to 20 
miles, from the Pacific Ocean towards 
Inland, through the Landscape, over the 
crest of the Hills, into a small City, 
along and across the Highways, county 
and cirt roads." The pencil-and-crayon 
drawing of the concept over the typed 
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The known universe is expanding 

at the rate of 40 trillion cubic 

light-years per second. And, not 

only is the universe physically 

expanding, but our 

understanding of it is under

going an unprecedented explosion 

as well: we have gained more 

new knowledge of the universe 

in the last two decades than in 

ALL PRIOR HUMAN HISTORY! 

The pace of discovery is now so 
rapid that most - if not all - of the 
astronomy books in your local library 
are badly out-of-date - even if they 
are only a few years old! 

Star & Sky is a magazine that pays 

particular attention to the fast-breaking 

news and keeps you on top of it like an 

astronomy newspaper .. in it you can find 

consistently accurate, detailed reports of 

what's going on today (and tomorrow) in 

space exploration, astronomical research 

and discovery. 

The January 1980 issue of Star & Sky 

broke Richard C. Hoagland's report on the 

possibilities of life on the Jovian moon, 

Europa. Details unravelled the facts of how 

the findings of the recent Voyager space

craft explorations indicated that Europa is 

likely to have an ocean of water under its 

icy surface. 

Hoagland traces back to Europa's 

beginnings, when it may have had ice-free 

global oceans - just as Earth did billions 

of years ago. This - combined with evi

dence from the Voyager findings, and from 

the bottom of the oceans right here on 

Earth - makes Europa the solar system's 

most likely abode for alien life. 

This lengthy and abundantly illustrated 

article created a fu ror that reverberated well 

beyond the astronomical community. World

wide press coverage soon followed, includ

ing front-page articles in ten of the twenty 

largest newspapers in America. 

By subscribing now, you can receive 
the January 1980 issue, with this 

highly acclaimed report on Europa, 
absolutely FREE 

Here is what two scientists - both 

involved with the search for life beyond 

Earth - had to say about the article: 

. a very fine piece of science writing, 
but it also presents an idea that is, to my 
knowledge. completely original and that 
seems to me to have great merit. 0 

Robert Jastrow . 

NASA Institute for Space Studies 

New York, NY 

one of the finest pieces I've ever 
seen in an astronomy magazine . . . . He 
(Hoagland) produced an article stimulating 

to amateur and professional astronomer 
alike ... 

Michael H. Hart 
Trinity University 

San Antonio, Texas 

Star & Sky has reporters at mission 

control for the latest planetary encounters 

so we can bring you the detail and full 

color illustrations that the general science 

magazines don't have room for. We reported 

on what the Voyager and Pioneer spacecraft 

actually found at Jupiter and Saturn and in 

later issues augmented it with late-breaking 

data emerging from further analyses. 

We cover the scientific meetings at the 

world's great observatories and universities 

to bring you details of the most recent dis

coveries about quasars, galaxies, black holes 

and such mind-stretching concepts as the 

origin and destiny of the universe. In addi

tion, our monthly report on manned space 

activities by James Oberg at NASA's John

son Space Center ensures that you won't 

miss a thing. --------
UNLIKE ANY OTHER MAGA

ZINE IN THE FIELD we often publish 
Special Issues - entire issues devoted 
to in-depth treatment of single topics. 

These Special Editions give you the 

most thorough, in-depth and up-to-date 

accounts available anywhere: the facts, 

the findings, old and new theories, photos, 

computer-generated art, schematics and 

diagrams, upcoming projects and the riddles 

they hope to solve - all presented to you 

by the greatest astronomy minds on Earth! 

Star & Sky is a blend of visuals and 

precise but easy-to-digest text. Jargon is 

held to a minimum yet we don't skimp 

on comprehensive coverage. 

And art: What does a black hole look 

like? How does it work? How do the rings 

of Jupiter, Saturn and Uranus differ? Where 

photography is impossible, we turn to art. 

Intelligent renderings - made by astrono

mer-artists who keep abreast of the newest 

theories and discoveries - portray visually 

the probabilities and possibilities we can't 

see. 

Star & Sky brings you top authors in 

both professional and amateur astronomy: 

Welcome 
to the 
expanding 

• 

universe. 

Isaac Asimov, James Oberg, Richard C. 
Hoagland, William J. Kaufmann, Barry 

Parker, Wallace Tucker, John Gribbin, 

Patrick Moore, John Sanford, Leo Henzl, 

Terence Dickinson, Ray Villard, Joel 

Davis, Trudy E. Bell, George T. Keene, 

James Mullaney, and many others. 

Star & Sky covers the entire field of 

astronomy: IT IS THE COMPLETE 

REFERENCE FOR EVERYONE INTER· 

ESTED IN THE UNIVERSE. 

FOR THE PRICE OF A TYPICAL 
HARDCOVER BOOK YOU CAN 

ENJOY 12 DETAILED AND 

up-TO-DATE ISSUES OF 

STAR & SKY 

And as a SPECIAL OFFER available to 

Scientific American readers, the BONUS 

JANUARY 1980 Issue, containing Richard 

C. Hoagland's headline-producing article, is 

yours - FREE - by subscribing to Star 

& Sky - if you enclose payment with your 

order, we will send your BONUS ISSUE 

out immediately. If you prefer to be billed, 

we will send out your BONUS ISSUE when 

payment is received. 

Act today to reserve your BONUS 

ISSU E  - supplies are limited. 

r--------------�----------------
STAR & SKY Magazine, P.O. Box 5172,Westport,CT 06881 

I don't want to miss any reports of Voyager's encounter with Saturn; the first launch of 
the Space Shuttle; preparations for the return of Halley's Comet; plans for the launch of a 
94-inch telescope into Earth orbit; etc., etc .. .. but I especially don't want to miss any 
future Special Issues on important and timely topics in astronomy! 

D Yes, send me my BONUS ISSUE right now. I am enclosing my check or money order. 

D Please bill me. I understand that when my payment is received, Star & Sky will send me 
my BONUS ISSUE. 

D 3 years for $33 (36 issues) - a 54% savings over the newsstand price. 

D 2 years for $27 (24 issues) - a 44% savings over the newsstand price. 

D 1 year for $15 (12 issues) - a 38% saving over the newsstand price. 

Canada and Mexico add $3 - all other foreign add $6 PER YEAR OF SUBSCRIPTION. 

Allow 6-8 weeks for delivery of first issue. (Subscription must begin with current issue.) 

Apt. 
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label "Christo, October 1972 " is con
vincing; the long sweep of the curtain 
over the tawny, rolling lands and then 
out of sight along the ridge line is a pret
ty good representation of the reality, 
which began to grow in two counties 
in the summer of 1976. In the end it 
stretched out of Bodega Bay 24.5 miles 
across the landscape, from noon of Sep
tember 10 until its complete removal on 
October 23, 1976. Christo Javacheff and 
his wife Jeanne-Claude, the principals 
of the Running Fence Corporation, had 
finished what they set out to do. They 
created a beautiful work of art, both 
visual and social, another Christo proj
ect of his uniquely playful and aesthetic 
engineering. 

The money? Working capital came 
from the cosponsors, museums and col
lectors, who were solicited with the pro
posal in 1973 and were oflered a hefty 
discount off the market price on some 
drawing or collage by Christo. The bot
tom line came to about $3 million, most 
of it for materials and labor, construc
tion vehicles and legal, engineering and 
insurance fees. The physical fence was 
some 2,000 big panels of woven nylon 
fabric (surplus from early projects for 
air bags in automobiles, and a bargain). 
Each pure white panel was 18 by 68 feet 
and weighed less than 60 pounds. A pan
el was fitted on all four sides with grom
mets, to hang on hooks from steel cable 
spanning steel posts each 18 feet high 
(plus three feet belowground). 

Those posts did not stand in concrete 
footings; each was supported vertically 
by a pair of "shoe angles," bolted steel L 
beams that kept the post from sinking. 
Guy cables braced the posts laterally; a 
single long, tapered panel ran from the 
beach down into the sea, where it was 
strongly anchored. There were a few 
special panels with archways cut to pass 
a road or free a parking lot here and 
there. Ninety miles of cable was used. 
"At the end of the viewing period, the 
anchors were driven below plow lev
el; all holes were backfilled with sand 
and reseeded with grass." All other ma
terials were removed and given to 
the ranchers whose land the fence had 
crossed; the county experts inspected 
the entire site with approval, and on De
cember 14 the Sonoma County Land
marks Commission designated Pole No. 
7-33 as Historic Landmark No. 24. 

This book, made in the luxurious and 
handsome manner of well-illustrated 
presentations of the work of an artist or 
an architect, records the project. It be
gins with the chronology of events, in
cludes an adroit essay on the entire tale 
and continues with documents, draw
ings, letters, invoices, reports, calcula
tions, hearings. There is even a page-size 
sample of the fabric itself. The last half 
of the big volume mainly presents color 
photographs of the fence both in con
struction and during the time of view
ing, seen as a work of art, flame-touched 
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by the sunset, filled delicately by the 
wind, a mark of hand and mind across 
the land, evocative of drapery, regattas 
and the Great Wall of China. 

The engineering was modest but real. 
There were desert tests of poles and fit
tings, and plenty of worry about the 
seagoing end. The route was crucial; it 
was laid out by the artist himself, who 
walked the fence line for three weeks in 
the fall of 1974. He carried a bag of 
wood stakes, and he dropped one every 
few hundred feet for the crew that fol
lowed. They hammered in the stakes at 
the future post intervals of 62 feet; the 
stakes and posts were numbered and the 
terrain was recorded. The route was not 
traveled sequentially; Christo worked 
rather with the landholders at their con
venience, with concern for their live
stock and their vehicles. Sharp curves 
were structurally difficult (nine feet off
set from pole to pole was the maximum 
without special anchors). Christo made 
frequent revisions as the surveyors and 
the contractor came along his original 
zigzagging trail. 

The 50-odd landholders along the line 
were natural proponents of the work. 
Indeed, they were won over first by the 
personal sincerity of the Christos and 
then by the audacity and beauty of the 
task. The 60 skilled professional hard 
hats who worked at driving anchors, 
laying cable and erecting poles enjoyed 
the project, and so did the 360 extras, the 
young men and women who were taken 
on for fabric-panel installation in late 
August. For them, many caught up in 
the counterculture way of life, the hard, 
sharp work and the beauty it created 
made a little epiphany. 

There were plenty of opponents, in
cluding even artists, together with sci
entists, certain conservationists and res
ident squares. The corporation em
ployed nine lawyers, and in the end 
they satisfied 15 governmental agencies, 
from both the counties and the state, 
with highway, fish and game, forest, wa
ter quality, land and coastal jurisdic
tions. One transgression of the laws 
marked this project: the permit to use 
the coastal section was granted by the 
regional division, but an appeal against 
it was taken to the statewide commis
sion. That appeal meant the automatic 
revocation of the permit, and fatal de
lay. Christo boldly went ahead; the ap
plication for an injunction sought by 
the commission to uphold its powers 
against this vulnerable, delightful and 
entirely transient project was carefully 
read by a wise judge with his blind eye. 
He set his hearing weeks later; by then 
the fence had flowered and gone. "I 
completely work within American sys
tem by being illegal, like everyone else," 
Christo said. "And no make-believe, re
member. We challenge, and we pay the 
consequences." . 

This volume is a fine record for any
one who wants to see into how things 

are done in our society, how the world 
works, both the newer world of envi
ronmental-impact reports and the older 
world of wire, wild flowers and wind. It 
lacks only one thing: it has no visual 
report of the death of the fence, which 
is surely part of its life. If you would en
joy your share of this contribution to 
the G.N.W.B. (the gross national well
being), seek out this expensive volume. 
Let the artist lower the curtain: he was 
watching a quarter mile of cloth rippling 
in the moving air. "'Look there, Ted,' he 
said, his voice rising in excitement. 'See 
how it describes the wind.'" 

T
HE WHITE MEN: THE FIRST RE

SPONSE OF ABORIGINAL PEOPLES TO 

THE WHITE MAN, by Julia Black
burn. The New York Times Book Co. 
($14.95). "When I was a boy, the Sioux 
owned the world; the sun rose and set on 
their land; they sent ten thousand men 
to battle. Where are the warriors today? 
Who slew them? Where are our lands? 
Who owns them?" From the days of 
Captain Cook through the 19th centu
ry of European colonial expansion and 
the irresistible westering of the U.S. up 
to the post-World War II opening of 
New Guinea and Melanesia hundreds 
of smaller societies have known apoc
alyptic times. Troubled minds sought 
meaning. The undreamed-of white men 
suddenly arrive; their rule is based on 
strange secrets of artifact and action, 
on writings of power, on new weapons 
and new beasts. The strangers must be 
fitted somehow into a cosmology that 
had held no such beings; their coming 
"brought ... countless and hitherto un
known ways of dying," from new dis
ease to hopeless battle. Finally, the 
changed life can be managed to allow 
spiritual survival notwithstanding the 
mysterious presence. 

This book is a poignant and beautiful 
anthology, remarkably fresh in its ma
terials, collecting around each of five 
meaningful themes a chapter of some 1 0 
texts as told by those to whom intrud
ers once came. The cultures cited do not 
include those great states of the Andes 
or the Indus or the Yangtze where long 
ago men from Europe confronted so
cieties of commensurate weight, even 
though they lacked the cannon or the 
rapacity of the venturers. That is a long
er and richer tale. Here we read texts by 
people within the small polities, none 
larger than some kingdoms of South Af
rica, some as small and isolated as the 
foraging hunters of the Australian des
ert. The texts are all in translation, of 
course. They are somehow accidental; 
they are on record here only because 
someone who had the power of writing 
and detached observation could yet en
gage prophets and seers and chroniclers 
on other than hostile terms. In our times, 
when apocalypse does not seem remote 
from the most favored cities, these ac
counts are dazzling mirrors of our com-
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The Factor 
The use of high strength, low alloy steel has been severely 
limited, due to its low ductility. Now, a simple heat treating 
and controlled cooling process, developed at the General 
Motors Research Laboraton'es, has successfully enhanced 
f ormability properties without sacnficing strength. 

S tress-Strain, GM 980X 
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A comparison of the stress-strain behavior of GM 980X, SAE 980X, and SAE 950X steels. GM 980X offers great er ductility at the same strength 
as SA£'980X, and greater strength at the same 
ductility as SAE 950X. 
Scanning electron microscope micrograph of 
dual phase steel at a magnzfication of 2,000. The 
matnx (background) is fem'te; the second phase is martensite. 

ER SOME TIME, automot;" 
engineers and designers have been 
faced with the challenge of building 
cars light enough to get good gas 
mileage, but still roomy enough to 
comfortably transport four or five 
passengers. One technique which 
has proved fruitful is materials 
substitution. 

Lighter materials, such as alu
minum alloys and plastics and high 
strength, low alloy steels (HSLA), are 
being phased into new vehicle de
signs to replace certain plain carbon 
steel components. Each, though, has 
displayed inherent problems which 
limit its utilization. 

Unlike plastics and aluminum, 
however, HSLA steels have the same 
density as plain carbon steel. Weight 
reduction is achieved because thin
ner sections (less volume) can be 
used to carry the same load. Since 
the formability (ductility) of most 
high strength steels is poor, though, 

it has only been possible to form 
simple shapes from it. This has se
verely limited the widespread use of 
HSLA steels (such as SAE 980X) for 
auto components. New hope for the 
increased utilization of HSLA steel 
has arisen, however, with the devel
opment of a new dual-phase steel, 
GM 980X, at the General Motors Re
search Laboratories_ 

General Motors is not in the 
steel business, and GM 980X is not a 
brand of steel. GM 980X is the desig
nation for a type of steel displaying 
mechanical properties similar to 
those of the samples first formulated 
at the General Motors Research Lab
oratories. "GM" in the designation 
indicates that the steel is a variation 
of the conventional SAE 980X grade. 
In the standard SAE system for ma
terial identification, "9" designates 
that the steel is HSLA. "80" is the 
nominal yield strength of the metal 
in thousands of pounds per square 
inch. The "X" denotes a micro-al
loyed steel-one containing on the 
order of 0.1 % of other metals such as 
vanadium, columbium, titanium, or 
zirconium as a strengthening agent. 

GM 980X displays the same 
strength, after strain hardening, as 
SAE 980X steel, but has far more 
ductility_ This characteristic allows it 
to be formed into various complex 
shapes which were previously 
thought to be impossible with HSLA 
steels. The superior formability of 
GM 980X has substantially in
creased the utilization of HSLA steel 
in the manufacturing of automotive 
components such as wheel discs and 
rims, bumper face bars and rein
forcements, control arms, and steer
ing coupling reinforcements. 

Dr. M_S_ Rashid, discoverer of 
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the technique to make GM 980X 
steel, comments, "I was working on 
another project using HSLA steel, 
when I noticed that if SAE 980X steel 
is heated above its eutectoid temper
ature (the temperature at which the 
crystalline structure of metal is 
transformed) for a few minutes, and 
cooled under controlled conditions, 
the steel developed significantly 
higher ductility and strain-hardening 
characteristics, with no reduction 
in tensile strength." 

F UlITHER ex"",;ment, pmvcd 
that the key variables to make GM 
980X are steel chemistry, heating 
time and temperature, and the rate at 
which the steel is cooled. Specimens 
of SAE 980X were heated in a neutral 
salt bath, then cooled to room tem
perature with cooling rates ranging 
from 5° to 14°C/sec. (9° to 26°F/ 
sec.). Dr. Rashid notes, "We found 
that the maximum total elongation 
resulted when the cooling rate was 
9°C/sec. (16°F), and the lowest total 
elongation resulted from the highest 
cooling rate (14°C or 26°F/sec.)." 

GM 980X steel has a high 
strain-hardening coefficient or n 
value, accompanied by a large total 
elongation. The n value gives a 
measure of the ability of the metal to 
distribute strain. The higher the n 
value, the more uniform the strain 
distribution and the greater the re
sistance of the metal to necking (lo
calized hour-glass-shaped thinning 
that stretched metals display just 
prior to breaking). Tests have proved 
that GM 980X distributes strain 
more uniformly than SAE 980X, has 
a greater resistance to necking, and 

thus has far superior formability. 
"The superior formability of 

GM 980X compared to SAE 980X 
steel appears to depend on the nature 
of two microstructural constituents, 
a ferrite matrix (the principal mi
crostructural component) with a 
very high strain-hardening coeffi
cient, and a deformable martensite 
(the other crystalline structure) 
phase. In the SAE 980X, failure 
occurs after the ferrite becomes 
highly strained, but when the GM 
980X ferrite is highly strained, strain 
is apparently transferred to the mar
tensite phase, and it also deforms. 

"Therefore, voids leading to 
failure do not form until after more 
extensive deformation has occurred 
and the martensite phase is also 
highly strained. Obviously, the exact 
nature of these constituents must be 
important, and any variations in the 
nature of these constituents could 
influence formability. This is the sub
ject of ongoing research:' 

Dr. Rashid 's discovery repre
sents a significant breakthrough in 
the area of steel development. His 
findings have opened the door to a 
new class of materials and have com
pletely disproved the commonly held 
belief that high strength steel is not a 
practical material for extensive au
tomotive application. "At GM, we've 
done what was previously thought to 
be impossible," says Dr. Rashid, "and 
now we're hard at work to find an 
even stronger and more ductile steel 
to meet the needs of the future:' 

THE 
MAN 
BEHIND 
THE 
W ORK  

M.S. Rashid 
is a S e n i o r  R e 
search Engineer in 
the Metallurgy De
p a r t m e n t  at t h e  
General  M o t o r s  
Research Labora

tories. He was born in the city of 
Vellore in Tamil Nadu (Madras) , 
India, and attended the College of 
Engineering at the :-----1 
U n i v e r s i t y  o f  
Madras-Guindy. 
H e  c a m e  to the 
United States in  
1 9 63 a n d  w a s  
awarded a Ph.D. in 
Metallurgical En
gineering from the 
University of Illi
n o i s  at U r b a n a
Champaign in 1969. 
After a three year Post-Doctoral Fel
lowship at Iowa State University, he 
joined the staff of the General Motors 
Research Laboratories. 

Dr. Rashid is continuing his in
vestigations into the development of 
even more ductile high strength, low 
alloy steels. W hen not in the lab, he 
enjoys relaxing by playing tennis and 
racquetball with his wife. Kulsum. 

General Motors 
People building transportation to serve people 

© 1980 SCIENTIFIC AMERICAN, INC



MYERS'S MAKES IT BETTER. Taste how Myers's improves on cola, soda, tonic , fruit juice. Free Recipe Book: 
Myers's Rum Recipe Book, Dept. SA, P.O. Box 4605, Westbury, New York 11590. Offer expires December 31,1980. 

© 1980 SCIENTIFIC AMERICAN, INC



mon humanity in the glare of inevitable 
change. 

In 1786 the ships of La Perouse came 
to the narrow Alaskan inlet of Lituya 
Bay; they stayed for four weeks to ob
serve and to trade. In 1949 a Tlingit 
from Yakutat recounted the traditional 
story of that alien arrival, earlier record
ed in 1886. "One spring a large party of 
men from the big village of Kaxnuwu 
went to get copper from the people at 
Yakutat. Four canoes were lost . . .  and 
the first chief of the party was drowned. 
While the survivors were still mourning, 
two ships rounded the bay. The Indians 
thought they were two great birds with 
white wings, perhaps Raven himself. 
They fled to the woods. After a time 
they came back to the shore and looked 
through tubes of rolled-up skunk cab
bage leaves, like telescopes, for if they 
looked directly at Raven they might 
turn to stone . . . .  They were so fright
ened when thunder and smoke came 
from the ship that their canoe over
turned . . . .  

"Then a nearly blind old man said his 
life was behind him, and he would see 
if Raven really turned men to stone. 
He . . .  induced two of his slaves to pad
dle him to the ship. When he got on 
board, his eyesight was so poor that he 
mistook the sailors for crows. . . .  He 
traded his fur coat for a tin pan . . . .  The 
people were surprised to see the old man 
alive. They smelled him to make sure 
that he had not been turned into a land
otter man, and they refused to eat the 
food he had brought. The old man final
ly decided that it must be ships and peo
ple he had seen, so the Indians visited the 
ships and traded their furs. " Some of 
these details are confirmed in the French 
records; oral tradition can hold high 
events for centuries. 

The most tragic account is that of the 
powerful Xhosa. A group of 10 strange 
young men appeared to a young girl, 
Nongquase (the text is her court testi
mony), at the river's edge where she was 
fetching water. She was fearful, but her 
uncle Mhala could see that they were 
the dead ancestors of the Xhosa. They 
promised victory over the English, if the 
corn was burned and the cattle were 
killed to feed the dead. The ancestors 
will soon return, and "they will rise at 
different kraals with cattle, corn, guns 
and assegais, and they will drive the En
glish out of the country and make them 
run into the sea. " 

Both grain and cattle were indeed sac
rificed over the whole of the Xhosa re
gion. Three-fourths of the people died 
of this self-inflicted starvation between 
the spring of 1856 and the spring of 
1 857.  "They waited for two red suns to 
rise over the hills in the east. Then the 
heavens would fall on the English and 
crush them. But the sun rose and set as 
usual and the ancestors did not come. 
My uncle . . .  went down towards the 
sea where he could try to live on roots 

and shellfish. And when we were starv
ing, I often heard him say that he re
gretted killing the cattle and destroying 
his corn. " 

The volume includes a striking collec
tion of photographs, some of them por
traits of the very prophets whose texts 
are quoted, such as Short Bull, a leader 
of the Ghost Dance. He looks steadily 
across 90 years at the reader in grave 
and charismatic nobility. Most of the 
photographs are less closely related to 
the texts; they present fascinating sculp
ture and graphics from many peoples 
showing the white man and his works 
as they appeared to the artist. The lay
out and presentation are particularly at
tractive, and the author, an English stu
dent of oral tradition, has sought her 
material in a wide variety of unusu
al sources, carefully cited. The famous 
report on the Ghost Dance by James 
Mooney and the material on the Tlingit 
are well known, but not many general 
readers will have encountered the Xho
sa story, related in a book published in 
Kingwilliamstown, not far from the port 
of East London in the Republic of South 
Africa. An air of timelessness surrounds 
this work; in these words ring echoes of 
the tragedies of Hellas. 

T
HE ASTRONOMICAL COMPANION, by 
Guy Ottewell. Care of the Depart

ment of Physics, Furman University, 
Greenville, S.C. 29613 ($12). The top of 
the big page is a glossy black square, 
nearly a foot on edge, above a few 
inches of text on white paper. On the 
black ground, in an artist's lively free
hand white line, is drawn a big sphere, 
represented by only a few sweeping cir
cles. The reader is looking down on a 
transparent equatorial plane, sketched 
in with an open grid. "The pictures are 
white-on-black because, in the nature 
of astronomical illustration, we mostly 
have to show not matter but light. " In 
careful yet informal projection we view 
the place in which we live on the grand 
scale; the sphere has a radius of one 
megaparsec, and we regard it from a few 
mega parsecs out. What we see is the Lo
cal Group of galaxies, chiefly our cen
tered home, the Milky Way galaxy, and 
its counterpart in Andromeda, around 
each of them a little cluster of satellit'e 
galaxies. Maffei I and IC 6822 are outli
ers that stand well above and below the 
plane on lightly drawn stalks. The three 
dimensions are vivid; it is not a page we 
are inspecting but a spatial volume. 

This floppy, large-page paperbound 
book offers more than 30 such spheres, 
an atlas of the glowing furniture of 
space. The largest sphere (shown with a 
little distortion to confess to paradox) 
depicts the whole of visible space, out 
to a radius of 15 billion light-years; the 
smallest, with a radius of a mere two 
astronomical units, is centered on the 
sun and shows the orbits of the inner 
planets, with a couple of small friends, 

the asteroid 433 Eros and a well-known 
periodic comet whose name is a "volley 
of syllables." A few sphere pages are 
spent on more abstract purposes, to de
fine coordinate systems, to map the con
stellations and so on. Throughout the 
book there are about as many pages of 
text as there are of maps, and auxiliary 
sketches and diagrams abound. 

The book is the work of an artist, an 
almanac maker and no mean poet. Ot
tewell yearly publishes a guide to the 
shifting celestial scene; this companion 
holds permanent material that goes be
yond (outside?) the season's repertory of 
the unaided-eye heavens. It is an original 
and perceptive introduction to astrono
my, by a man whose delight and talent 
is the imaginative but faithful represen
tation of the visual world. The text is 
excellent, full and clear, with almost 
no formal mathematics beyond a sharp 
eye for geometry. Atoms and spectra 
and radio hardly enter; here is no syn
optic textbook but a strongly visually 
centered place "to look in for explana
tions, for reference, or for mere enjoy
ment . . .  for those who already enjoy ei
ther astronomy itself or the idea of it." 

The precession of the earth's axis and 
its effect on the look of the sky are well 
discussed; the usual pole-circle map is 
augmented by a sphere drawing and 
by a very helpful graphical account of 
how much the stars appear to shift in 
each part of the sky. The moon's orbit, 
moonlight and earthshine, the geometry 
of eclipses and considerably more moon 
lore are painstakingly described. Know
ing sketches and paragraphs aid each 
other; the tough geometry is here and 
there allayed by a poet's image. ("In 
those years when Indonesian volcanoes 
girdle the earth with stratospheric dust 
. . .  the eclipsed moon is a drop of almost 
black blood, or an Arkansas apple.") 
Comets and meteors are also fully and 
freshly treated. A detailed plot of star 
temperature with respect to luminosity 
(the Hertzsprung-Russell diagram) is in
cluded, with a couple of hundred partic
ular stars marked on it. (The diagram is 
the work of Douglas Roosa.) There are 
lists of constellations, of planets and sat
ellites, of star names and their mean
ing, of important lengths, bright stars, 
comets and meteor showers. Hardly an 
equal sign is to be found; there is no al
gebra, but there is geometry aplenty. 

The entire work is a tour de force, 
the product of understanding and taste, 
not just another able reworking of a 
long pedagogical tradition. The data are 
quite reliable, although one could here 
and there take some exception to a 
number. (Supernovas are brighter than 
they are plotted.) The heavy covers are 
in meaningful and attractive color: the 
front cover shows our stellar neighbor
hood out to some 10 light-years, to Pro
cyon; the back one, the stars in the 
wedge of sky called Taurus out to the 
clustered Pleiades. 
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A Ban on the Production 
of Fissionable Material for Weapons 

Such a "cu toff" could serve two purposes: to stall the further 

buildup of nuclear arms by the present nuclear-weapons states 

and to prevent their spread to the non-nuclear-weapons states 

T
he suspension of the SALT II 
Treaty ratification proceedings in 
the U. S. Senate, following the 

military intervention of the U.S.S. R. 
in Afghanistan, does not spell the end 
of international efforts to restrain the 
nuclear-arms race between the two su
perpowers. Outside the bilateral SALT 
process various multilateral arms-con
trol negotiations are either in progress 
or planned, and the Carter Administra
tion has pledged the continued partici
pation of the U.S. in these endeavors. 
For example, talks are currently under 
way among representatives of the U.S., 
the U.S.S.R. and the U.K. on a compre
hensive treaty to ban all nuclear test ex
plosions. Final preparations are also be
ing made for the second five-year con
ference to review the operation of the 
Nonproliferation Treaty, scheduled to 
convene next month in Geneva. 

Both the comprehensive test ban and 
the Nonproliferation Treaty were put 
at the top of the list of other impor
tant arms-limitation issues in the joint 
communique issued by the U.S. and the 
U.S.S.R. at the time the SALT II Trea
ty was signed last year. That document 
stated that "definite progress" had been 
made in the negotiations for a compre
hensive test ban and confirmed the in
tentions of the two superpowers to work 
together with the U.K. "to complete 
preparation of this treaty as soon as pos
sible. " With respect to the Nonprolifera
tion Treaty, President Carter and Presi
dent Brezhnev merely noted "the pro
found threat posed to world security by 
the proliferation of nuclear weapons" 
and agreed that the nuclear-weapons 
states "bear a special responsibility to 

by William Epstein 

demonstrate restraint" in this regard; 
they also "affirmed their joint convic
tion that further efforts are needed" to 
strengthen the nonproliferation regime. 

The two chiefs of state were clearly 
right in concluding that further efforts 
are needed, not least to ensure the suc
cess of the upcoming Nonproliferation 
Treaty Review Conference. The non
nuclear-weapons states are far from im
pressed by the results of SALT II, which 
even if it were to be ratified would not 
halt the production of a single new stra
tegic weapon now under development 
and would allow each of the superpow
ers to add thousands of new strategic 
nuclear warheads to their already exces
sive arsenals. Although most of the non
nuclear-weapons states seem to regard 
the SALT II agreement as a step for
ward, they certainly do not consider it 
adequate compliance with Article VI 
of the Nonproliferation Treaty, which 
commits the three signatory nuclear
weapons states (the U.S., the U.S.S.R. 
and the U.K.) to a "cessation of the nu
clear arms race at an early date." 

In the circumstances what can be 
done to curb both "vertical" prolifera
tion (the increase in the numbers and 
kinds of nuclear weapons in the hands of 
the nUclear-weapons states) and "hori
zontal" proliferation (the further spread 
of nuclear weapons to nations that do 
not already have them)? In my view, 
based on more than three decades of 
work on international arms-control mat
ters, there are at present two measures 
that could have a salutary effect not only 
on the strategic-arms competition be
tween the two superpowers but also on 
the attitude of the non-nuclear-weapons 

states toward the entire nonprolifera
tion regime. One would be the early 
achievement of a Comprehensive Test 
Ban Treaty. The other would be a com
mitment on the part of all concerned 
parties-nuclear-weapons states and 
non-nuclear-weapons states alike-to 
start negotiations soon on a treaty to 
ban the production of fissionable mate
rial for nuclear weapons. 

I t is hardly necessary to discuss here 
the details of the pending compre

hensive test ban. Since 1963, when the 
Partial Test Ban Treaty (prohibiting nu
clear explosions in the atmosphere, un
der water and in outer space) was con
cluded, a comprehensive test ban has 
meant in effect an underground test ban. 
The comprehensive test ban has been 
the subject of more discussion and nego
tiation than any other topic in the histo
ry of arms control and disarmament. In 
the text of the Partial Test Ban Treaty 
and again in the Nonproliferation Trea
ty the three signatory nuclear-weapons 
states promised to seek "the discontin
uance of all test explosions of nuclear 
weapons for all time." The non-nuclear
weapons states regard the achievement 
of a comprehensive test ban as a crucial 
test of the seriousness of the intentions 
of the nuclear-weapons states to halt the 
nuclear-arms race; it was their chief 
demand at the first Nonproliferation 
Treaty Review Conference, held in Ge
neva in 1975. Indeed, if the nuclear
weapons states had succeeded in achiev
ing a comprehensive test ban in 1963, 
they might well have avoided the prolif
eration predicament in which they now 
find themselves. 

43 

© 1980 SCIENTIFIC AMERICAN, INC



The damage done then might still be 
reparable if a comprehensive test ban 
could be achieved soon. The three nego
tiating parties are said to be very close 
to agreement and had expected to bring 
their negotiations to a successful con
clusion soon after the ratification of the 
SAL T II Treaty. Failure to ratify the 
treaty could only have an adverse effect 
on the prospects for a comprehensive 
test ban and for nonproliferation. 

On the face of it the achievement of a 
comprehensive test ban would appear 
to be a comparatively easy step, since 
most of the military benefits likely to 
be gained from a large number of nu
clear-weapons tests have already been 
incorporat� into the nuclear arsenals 
of the two superpowers. To be sure, 
some military officers and nuclear-weap
ons designers on both sides might not 
want to see the door closed on all fur
ther nuclear-weapons testing, since they 
presumably would like to continue re
fining and improving the large variety 
of sophisticated nuclear weapons now 
in existence and developing new ones 
for future generations of delivery ve
hicles. Any conceivable benefits from 
continued testing would be insignificant, 
however, compared with the serious 
proliferation risks that would be pre
sented by such a policy. 

An equally important step in the di
rection of curbing the arms race, it 
seems to me, would be to ban the pro
duction of fissionable material for nu
clear weapons. (For most practical pur
poses this means natural uranium en
riched to about 90 percent in the readily 
fissionable isotope uranium 235 and re
actor-generated plutonium containing a 
fairly high concentration of the readily 
fissionable isotope plutonium 239.) This 
proposal has also been discussed for 
many years, although no formal negoti
ations on it have ever taken place. Origi
nally the concept was put forward as a 
way to "cut off," or halt, the manufac
ture of weapons-grade fissionable mate-

U-238 (99.3%) U-235 (.7%) 
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rial in special military-production facil
ities within the existing nuclear-weap
ons states. In recent years, however, as 
a number of other countries have ac
quired the capability of producing plu
tonium and enriched uranium in the 
course of their civil nuclear-power pro
grams, it has become more accurate to 
speak of a broader prohibition on the 
production of weapons-grade material 
by both nuclear-weapons states and 
non-nuclear-weapons states. The term 
"cutoff" has nonetheless continued to be 
used in arms-control circles to cover 
both contingencies. 

The proposed production ban' would 
be a logical and feasible next step in 
the nuclear-arms-limitation process. In
deed, the problems involved in its nego
tiation would be fairly simple, particu
larly when they are compared with the 
special difficulties and complexities fac
ing any future SALT negotiations. More 
important, a treaty incorporating such a 
ban would help to restrain both the ver
tical and the horizontal proliferation of 
nuclear weapons. The confluence of a 
number of circumstances has made the 
time ripe for this step. Accordingly it 
should be put at the top of the interna
tional arms-control agenda, on a par 
with the comprehensive test ban. 

The idea of a cutoff in the produc
tion of fissionable material for weap

ons purposes was first put forward 
in President Eisenhower's "Atoms for 
Peace" address to the General Assem
bly of the United Nations in 1953. The 
President's proposal, which arose out of 
the failure of the postwar Baruch plan 
for the international control of atomic 
energy, incorporated not only the idea 
of a production cutoff but also a call for 
"contributions from the stockpiles of 
normal uranium and fissionable mate
rial" to a new international agency em
powered to promote and regulate the use 
of atomic energy for peaceful purposes. 
(This part of the proposal led to the es-
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tablishment of the International Atomic 
Energy Agency, or IAEA, in 1951.) 

The officials responsible for the Amer
ican "Atoms for Peace" proposal were 
attempting a new approach to nuclear
arms control and disarmament. They ad
vanced the idea of the cutoff as a way 
of placing a ceiling on the amount of 
fissionable material available for nucle
ar weapons and hence on the total num
ber of nuclear weapons that could be 
made, and they viewed the transfer of 
such material from military stockpiles 
to the new international agency as a way 
of beginning to reduce the total number 
of nuclear weapons already in existence. 
They regarded the two parts of the 
proposal as interrelated measures that 
could proceed in parallel with other ef
forts to prevent the further proliferation 
of nuclear weapons both vertically and 
horizontally. 

In 1956 Secretary of State Dulles, act
ing on behalf of the U.S., the U.K., Can
ada and France, presented a working 
paper titled "Proposals for Partial Mea
sures of Disarmament" to the five-mem
ber subcommittee of the UN Disarma
ment Commission, which was then meet
ing in London. Among the provisions 
included in the working paper was the 
proposal that "all future production of 
fissionable material will be used under 
international supervision, exclusively 
for non-weapons purposes," and that 
"the parties undertake to provide, under 
international supervision, for equitable 
transfers, in successive increments, of 
fissionable material from previous pro
duction to non-weapons purposes." The 
U.S.S.R. rejected the working paper in 
its entirety on the grounds that such a 
ban on the production of fissionable 
material for nuclear weapons without 
the outlawing of nuclear weapons them
selves would be impractical. 

The following year the UN General 
Assembly adopted, over the opposition 
of the U.S.S.R., a resolution based on 
a U.S.-sponsored draft that urged the 
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URANIUM in its natural state (left) consists almost entirely of tbe 
isotope uranium 238, witb a small admixture (.7 percent) of tbe readi
ly fissionable isotope uranium 235. Low-enricbed uranium suitable 

for use as a fuel in a typical nuclear-power reactor (eel/ter) contains 
approximately 3.3 percent uranium 235. Higb-enricbed weapons
grade uranium (right) contains more than 90 percent uranium 235. 
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member states to give priority to a dis
armament agreement providing for a 
number of partial disarmament mea
sures, including "the cessation of the 
prod uction of fissionable material for 
weapons purposes." That was the first 
time the General Assembly had adopted 
any resolution dealing specifically with 
the cutoff. 

The issue was raised again in 1964, 
when President Johnson, in a message to 
the UN Committee on Disarmament, 
proposed a "freeze" on the nuclear
arms race, accompanied by a separate 
agreement for a cutoff that could begin 
with verified plant-by-plant shutdowns. 
Later that year the U.S., the U.S.S.R. 
and the U.K. separately announced their 
unilateral decision for an immediate re
duction (or "cutback") in the production 
of fissionable material for weapons pur
poses. The U.S. explained that its unilat
eral curtailment of the production of fis
sionable material, to be carried out over 
a period of four years, would (when 
added to previous red uctions) represent 
overall decreases of 20 percent in the 
production of plutonium and 40 percent 
in the output of enriched uranium. The 
U.S.S.R. in turn announced its decision 
to stop forthwith the construction of 
two large reactors for the production of 
plutonium, to reduce substantially over 
the next few years the production of ura
nium 235 for nuclear weapons and to 
allocate more fissionable material for 
peaceful uses. The U.K. responded by 
pointing out that it had pursued a policy 
along the same lines; it had earlier an
nounced its production of uranium 235 
had ceased and its output of plutonium 
was ending gradually. It is noteworthy 
that none of the three parties ever com
plained that any of the others had failed 
to abide by its unilateral promises. 

The U.S. subsequently submitted a 
detailed working paper in support of 
a complete cutoff, outlining nonintru
sive verification procedures and propos
ing that it convert 60,000 kilograms of 
fissionable material (and the U.S.S.R. 
40,000 kilograms) to peaceful purpos
es. The U.S.S.R. again expressed doubt 
about whether a separate agreement on 
a cutoff was possible outside of a gener
al disarmament agreement. 

I t is not surprising that the U.S.S.R. op
posed the proposal for a cutoff in the 

1950's and 1960's. All nuclear powers 
restrict information about the size of 
their stockpiles of fissionable plutonium 
and enriched uranium, and they contin
ue to guard this information as a mili
tary secret. The possession of such in
formation would give an adversary an 
accurate basis for estimating the size of 
a nation's nuclear arsenal. It was gener
ally recognized at the time, however, 
that the U.S., with its long head start 
and greater technical competence, had 
stockpiled far more fissionable materi
al than the U.S.S. R. Hence any cutoff 

1,000 KILOGRAMS OF WEAPONS·GRADE 
URANIUM = 30,000 KILOGRAMS OF 
REACTOR·GRADE URANIUM 
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CONVERSION of 1,000 kilograms of stockpiled weapons-grade uranium to peaceful pur
poses would yield some 30,000 kilograms of reactor-grade 

-
uranium, enough to fuel a 1,000-

megawatt power reactor of the light-water type for approximately a year. The exact amount of 
weapons-grade fissionable material currently set aside in the military stockpiles of the nuclear
weapons states is of course not a matter of public knowledge. Some idea of the potential sup
ply of nuclear fuel from this source, however, can be gathered from the fact that in 1964 the 
U.S. offered to transfer 60,000 kilograms of fissionable material from its military stockpiles to 
peaceful uses, if the U.S.S.R. would similarly convert 40,000 kilograms. The U.S.S.R., which at 
that time had far less weapons-grade material on hand than the U.S., turned down the offer. 

in the 1950's or 1960's, even if it had 
been accompanied by larger transfers 
of U.S. material from military stock
piles to peaceful purposes, would sure
ly have worked to the disadvantage of 
the U .S.S.R. 

The U.S. persisted, however, and in 
1966 presented three working papers 

outlining in further detail proposals for 
the transfer of fissionable material ob
tained from the destruction of nuclear 
weapons and for the provision of inspec
tion systems to monitor shut-down plu
tonium-production facilities and shut
down nuclear reactors. The matter was 
not pursued for the next two years, how
ever, because both the U.S. and the 
U.S.S.R. had in the meantime become 
preoccupied with negotiating an agree
ment on the Nonproliferation Treaty. 

In 1969 the U.S. again stressed the im
portance of the cutoff. President Nixon 
listed it, along with a Comprehensive 
Test Ban Treaty, as one of the items the 
U.S. would press for in the Geneva 
meetings of the Committee on Disar
mament. In order to meet the objections 
of the U.S.S.R. to the verification pro
visions proposed earlier, the U.S. an
nounced that it would no longer ask for 
"adversary inspection" under a cutoff 
agreement buf would rely on the IAEA 
safeguards system. The Nixon Adminis
tration had evidently reached the con
clusion that the IAEA safeguards sys
tem, even if it was applied only to "de- . 
c1ared" facilities or to shut-down ones, 
would provide adequate verification of 
Russian compliance. The U.S. also em
phasized that in the context of a cutoff 
agreement the nuclear-weapons states 
could accept the same IAEA safeguards 

as were required for the non-nuclear
weapons states under the Nonprolif
eration Treaty. Finally, the U.S. main
tained, the Russian argument that a cut
off would not be worthwhile because it 
did not deal with existing nuclear weap
ons was invalid; it was tantamount to 
saying no steps toward halting the arms 
race were worthwhile if they did not 
completely eliminate existing nuclear 
arsenals, a thesis that was unacceptable. 
The U.S.S.R. remained adamant in spite 
of the fact the new American approach 
received wide support among the non
aligned countries. 

After the beginning of the SALT ne
gotiations in 1969 the issue of multi
lateral negotiations for a cutoff (and in
deed for most other nuclear-arms-limi
tation measures) was treated as if it had 
lost its urgency, and it lapsed into abey
ance. It was not until the UN Special 
Session on Disarmament almost a dec
ade later that the idea of a cutoff was 
revived. 

The UN Special Session on Disarma
ment, held in New York in May and 

June of 1978, was the largest conference 
of its kind ever convened. It was attend
ed by 20 heads of government, four 
vice-presidents or deputy prime minis
ters and 49 foreign ministers. After six 
weeks of debate and intensive negotia
tions the session reached a consensus 
on a lengthy final document containing 
a declaration of principles, a program 
of action for disarmament and an im
proved procedural mechanism for nego
tiations. 

Several participating countries sup
ported the cutoff as a promising mea-
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DAYS IN REACTOR 

PLUTONIUM 239, another readily fissionable isotope widely used in the fabrication of nucle
ar weapons, is created in a typical uranium-fueled reactor as the end product of a particular 
sequence of nuclear reactions in which a nucleus of uranium 238 in the initial fuel captures a 
neutron, becoming uranium 239, which then decays radioactively in two steps to yield pluto
nium 239. A nucleus of plutonium 239 may in turn fission when it is struck by a neutron, or it 
may absorb the neutron to become plutonium 240. The leveling off of the production curve for 
plutonium 239 means that at the end of the effective life of the fuel load in a typical pressur
ized-water reactor this isotope is being consumed almost as fast as it is being created. Plutoni
um 241, the product of neutron capture by plutonium 240, may also fission, or it may capture 
another neutron to become plutonium 242. Weapons-grade plutonium, loosely defined as plu
tonium containing a high concentration of plutonium 239, is obtained from special military
production reactors simply by removing the fuel elements from the reactor core after a com par: 
atively short "burnup" time. Under certain circumstances, however, reactor-grade plutonium 
(obtained after a burnup time of three years, say) could also be used to make nuclear explo
sives; special provisions would therefore have to be incorporated in any international agree
ment prohibiting the production of this material for the purpose of making nuclear weapons. 
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sure of nuclear-arms limitation. One 
of the strongest proponents was Prime 
Minister Trudeau of Canada, who out
lined a four-point strategy to "suffo
cate" the nuclear-arms race, a strategy 
consisting of a comprehensive nuclear
test ban, a ban on the flight testing of all 
new strategic delivery systems, a ban on 
the production of fissionable material 
for weapons purposes and a reduction in 
military expenditures on new strategic
weapons systems. Concerning the cutoff 
he said: "The effect of this would be to 
set a finite limit on the availability of 
nuclear-weapons material. . . .  It would 
have the great advantage of placing 
nuclear-weapons states on a much 
more comparable basis with non-nucle
ar-weapons states than they have been 
thus far under the dispensation of the 
Non- Proliferation Treaty." As eventu
ally agreed to by the special session, the 
final document called for a "cessation 
of the production of all types of nucle
ar weapons and their means of delivery, 
and of the production of fissionable ma
terial for weapons purposes." 

At the regular session of the General 
Assembly in the fall of 1978 Canada 
followed up the initiative of its prime 
minister by proposing a resolution on 
the cutoff as an important measure both 
for limiting the nuclear-arms race and 
for preventing the further proliferation 
of nuclear weapons. The resolution 
asked that the Committee on Disar
mament, at an appropriate stage of its 
work, consider urgently "an adequately 
verified cessation and prohibition of the 
production of fissionable material for 
weapons purposes and other nuclear 
explosive devices. " The language of the 
proposed cutoff thus explicitly covered 
both the cessation of current production 
and the prohibition of new production; 
in addition it was deliberately extended 
to ban all "peaceful" nuclear explosives. 
The U.S.S. R. and the other members of 
the Warsaw Pact bloc (except Romania) 
opposed the resolution as not going far 
enough, since it did not also call for a 
halt in the production of nuclear weap
ons. The U.S. and the u.K., although 
they were no longer such strong advo
cates of the cutoff as they had once been, 
voted for the resolution, and it was 
adopted by an overwhelming majority 
of the nations present and voting. At the 
1979 session of the General Assembly, 
Canada again proposed a resolution 
calling on the Committee on Disarma
ment to pursue its consideration of the 
cutoff, and the resolution was adopted 
by a vote even larger than the one in 
1978. These large affirmative votes have 
encouraged Canada to continue to press 
for the cutoff, which is once again clear
ly an outstanding item on the interna
tional agenda of disarmament issues. 

I t is not clear why the U.S. should now 
demonstrate less enthusiasm for an 

arms-limitation measure it had initiated 
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and ardently supported for more than 
two decades. It is of course possible that 
for the thousands of new warheads it 
will be allowed to manufacture under 
the SALT II Treaty even the massive 
stockpile of weapons-grade fissionable 
material the U.S. has built up over the 
years may be thought by some to be in
adequate. When one remembers, how
ever, that the U.S.'s unilateral cutback in 
the production of fissionable material in 
1964 amounted to a decrease in prod uc
tion of 20 percent for plutonium and 40 
percent for highly enriched uranium, 
and that in addition the U.S. offered to 
convert 60,000 kilograms of such mate
rial (enough to make thousands of nu
clear warheads) from military uses to 
peaceful ones, it is difficult to believe the 
U.S. might now fear a shortage of nucle
ar explosive material. It seems reason
able to look elsewhere for the real mo
tivation. 

Of course, any proposal as far-reach
ing as a ban on the production of fission
able material for nuclear weapons can 
be expected to stir up opposition based 
on perceived or imagined strategic ineq
uities. The old specter of the U.S.S.R.'s 
gaining some advantage would no doubt 
be resurrected. Actually it is the Rus
sians who might still be concerned about 
the possibility that the U.S. could gain 
some advantage as the result of a cutoff. 
At the time the SALT II Treaty was 
signed the U.S. had close to 10,000 stra
tegic warheads and bombs, whereas the 
U.S.S.R. was reported to have about 
5,000. Under the terms of the treaty 
each of the two powers would be legally 
entitled to build up to a maximum of 
some 17,000 strategic warheads and 

ceeded according to agreement, fu
ture transfers could be progressively in
creased and could provide another way 
of achieving actual reductions in stra
tegic nuclear weapons. Thus the cutoff 
could become a significant disarmament 
measure in itself. 

Questions would no doubt be raised 
about the adequacy of verification of 
such a production ban. Because of the 
remarkable progress made in the past 
two decades in satellite surveillance and 
other "national technical means," verifi
cation no longer presents the same prob
lems it once did, in terms of either effec
tiveness or intrusiveness. That was un
doubtedly a factor in the decision by 
President Nixon to abandon adversary 
inspection in 1969 and to rely on the less 
onerous international safeguards sys
tem of the IAEA for declared plants 
and facilities that were to be shut down. 
Modern means of verification would en
sure that the large plants and facilities 
needed to produce significant quantities 
of highly enriched uranium and plutoni
um could not escape detection. Even the 
secret diversion of spent fuel from pow· 
er reactors to the production of plutoni
um, or the development of new proces
ses for enriching uranium, which might 
allow the secret production of weapons
grade fissionable material in small clan
destine installations, would not create 
any serious instability in the nuclear 
balance between the superpowers. The 
amounts that could be produced secret
ly in this way would be so small as to 
make no real difference, considering the 
magnitude of the existing American and 
Russian stockpiles. 

bombs by 1985, although neither appar- special attention would have to be giv
ently intends to build that many. Cur- en to the problems of verification 
rent plans are for the American arsenal that would arise in connection with 
to increase to about 13,000 warheads the production of plutonium. Although 
and for the Russian arsenal to increase pure plutonium 239 is the most efficient 
to about 10,000 warheads. (In addition weapons-grade fissionable material, it 
the U.S. is reported to have some 22,- can be exploded even when it is in a 
000 tactical nuclear weapons and the mixture with smaller amounts of other 
U.S.S.R. a somewhat smaller number.) fissionable and non fissionable plutoni-

In neither case, however, would there um isotopes. Furthermore, it is extreme
be any real cause for concern that one ly difficult to deliberately "denature" 
side would gain any advantage over the plutonium 239. Even when it is associat
other as a result of a cutoff. The SALT II ed with oxides and isotopes of other ele
Treaty has fixed equal overall ceilings ments, the plutonium can be extracted 
for strategic launchers and warheads. from spent reactor fuel by various 
Any cutoff agreement, if it is to be ac- chemical-separation techniques. The 
ceptable, would also have to provide verification problem would be compli
equal ceilings for both powers. If there cated further, of course, if the world 
is some disparity between the present were to move in the direction of a "plu
stockpiles of weapons-grade fissionable tonium economy" through the wide
material, it could be adjusted by asym- spread adoption of plutonium recycling 
metrical conversion and transfers from and breeder reactors. 
military purposes to peaceful ones..... Two different approaches to dealing 
Therefore, whereas a cutoff coupled with this problem have been put for
with a transfer of military material to ward. A number of observers have sug
peaceful purposes in the period of the gested that all reprocessing of plutoni-
1950's and 1960's might not have helped um be stopped, a solution that in itself 
to stabilize the nuclear balance between creates many problems. The other ap
the two superpowers, in today's circum- proach that has been proposed is to 
stances it would help. In addition if the place all plutonium under IAEA safe
initial production ban and transfers pro- guards and all plutonium stockpiles in 

IAEA custody. This would require that 
the IAEA safeguards, which are now 
based on accounting, containment and 
surveillance systems and periodic on
site inspections, be strengthened and 
that special stockpiling facilities be es
tablished. Whichever approach is adopt
ed, the details of any system that called 
for the verification of a ban on the pro
duction of weapons-grade plutonium, 
or for its control in special cases (such 
as its use as a fuel in certain nuclear 
reactors or in nuclear-powered subma
rines and other ships), would have to be 
carefully negotiated, and special rules 
and precautions would be required. The 
same would be true of highly enriched 
uranium produced for special nonex
plosive purposes. In any case full use 
could also be made of national techni
cal means of verification and of consul
tative commissions to deal with ambig
uous events, following the precedent set 
in the various SALT agreements. 

Another problem would arise if, as 
seems likely, China and France would 
not agree to a cutoff. Both countries 
have repeatedly insisted they would not 
agree to a comprehensive test ban until 
they closed or at least reduced the nucle
ar-weapons gap between them and the 
superpowers. They would no doubt take 
the same position with respect to a cut
off. China and France are so far behind 
in nuclear weaponry, however, that for a 
number of years it would make little dif
ference from the point of view of the 
superpowers whether these two second
ary nuclear powers agreed or not. The 
U.S., the U.S.S.R. and the U.K. were 
willing to conclude the 1963 Partial Test 
Ban Treaty and the Nonproliferation 
Treaty (and to negotiate a comprehen
sive test ban) without the participation 
of China and France. They should be 
equally willing and able, without jeopar
dizing their security or undermining nu
clear deterrence, to agree to a cutoff 
without China and France, in the expec
tation that eventually these two hold
outs would also agree. Indeed, any cut
off agreement would almost certainly 
include what has now become a custom
ary provision of arms-control treaties, 
namely calling for a review of the opera
tion of the treaty after a stated period of 
years to evaluate how expectations have 
been fulfilled. 

It might also be argued that a cutoff 
and the beginning of nuclear disarma
ment would result in a massive buildup 
of conventional arms, which could lead 
to a large increase in military expendi
tures. In the first place, it must be reit
erated that, dangerous and destructive 
though conventional weapons are, they 
do not present anything like the threat to 
civilization and human survival that nu
clear weapons do; it would take years 
for any conventional war to cause the 
destruction that could be inflicted in 
hours or even minutes by a nuclear war. 
Moreover, this argument tends to ignore 
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the vastly different world climate that 
would be produced by any sign of real 
restraint in the nuclear-arms race. The 
resulting reduction of fears and ten
sions, the revival of detente between the 
U.S. and the U.S.S.R. and increased in
ternational confidence could lead to 
greater international cooperation and 
might create the conditions where far
reaching measures of conventional dis
armament as well as of nuclear disarma
ment would become possible. There is 
of course no guarantee this would be 
the result; history shows, however, that 
the continuing development of nuclear 
weapons does not lead to conventional 
disarmament but rather feeds the arms 
race in both directions. 

Finally, it could be argued that a cut
off would not end the nuclear-arms race 
because the U.S. and the U.S.S.R. could 
still conduct a technological race to in
crease the accuracy and effectiveness 
of their delivery systems, presenting an 
even greater threat to deterrence and 
international security than the mere 
production and accumulation of more 
weapons. The cutoff by itself would not 
halt research and development, or the 
modernization of nuclear systems or 
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the transfer of fissionable material from 
older to newer types of nuclear war
heads. Therefore unless it were followed 
by more direct measures for nuclear dis
armament and by curbs on new techno
logical developments (such as a ban on 
underground nuclear tests) the impact 
of a production ban would in time be
gin to lose its effect. 

These arguments have some merit. 
They could of course be equally applied 
to a ban on the production of addition
al nuclear weapons. Nevertheless, there 
are a variety of indirect benefits to be 
had from limiting the amount of nucle
ar-expiosive material and reversing the 
open-ended race to increase the number 
of nuclear weapons. As the U.S. argued 
in 1969, it is an unacceptable thesis to 
maintain that intermediate steps toward 
halting the arms race are not useful if 
they do not completely eliminate all nu
clear weapons. In order to reverse any 
race it is first necessary to bring it to a 
halt. Furthermore, the very act of end
ing the production of explosive material 
necessary to produce additional weap
ons could create a more favorable cli
mate for ending the production of addi
tional nuclear weapons. 
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CONCENTRATION OF FISSIONABLE MATERIAL (PERCENT) 

CRITICAL MASS of fissionable material needed to produce a uuclear explosive is tbe smallest 
amount in wbicb a cbain reaction can be sustained by fast neutrons alone. Tbe critical mass 
depends on a number of factors, including tbe pbysical purity of tbe material in question. For a 
given material tbe critical mass is smallest wben tbe fissionable material is in its pure isotopic 
form, and it is surrounded by a suitable neutron-reflecting material, sucb as natural uranium. 
(A critical mass of 4.4 kilograms of 100 perceut plutonium 239, plotted bere under tbose condi
tions, would be about tbe size of an orange.) Tbe variation of critical mass witb concentration 
of fissionable material iu it is obviously less pronounced for plutonium tban it is for uranium. 
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The successful verification of a cutoff 
would have great psychological and po
litical importance. It might profoundly 
affect conventional beliefs that nothing 
can be done to halt the arms race. It 
would have some effect in de-emphasiz
ing the importance of nuclear weapons 
in international relations and could lead 
to a significant reduction in tensions be
tween the U.S. and the U.S.S.R. It could 
also provide a demonstration in interna
tional verification that would be useful 
for other measures of nuclear-arms con
trol and disarmament. 

At present 1 14 countries are parties to 
.f\. the Nonproliferation Treaty, leav
ing more than 40 that are not. Most of 
the latter have no capability or desire to 
"go nuclear," but a number of them al
ready have or will soon have such capa
bility; they include not only India, which 
has already exploded a nuclear device, 
but also Pakistan, Israel, Egypt, South 
Africa, Spain, Argentina and Brazil. 
Among the countries that are parties to 
the Nonproliferation Treaty some three 
dozen are potential nuclear-weapons 
powers. Under the terms of the treaty 
they can withdraw on three months' no
tice if they feel their vital interests are in 
jeopardy. Whether any of them decide 
to withdraw and go nuclear will depend 
in part on whether any other non-nucle
ar-weapons states (and which ones) de
cide to acquire nuclear weapons. It is 
therefore of crucial importance for all 
states interested in strengthening the 
nonproliferation regime to do every
thing possible to reduce the incentives 
for additional states to go nuclear. 

There are a number of things the nu
clear-weapons states can do in this re
gard, one of which is the cessation of 
their vertical proliferation of nuclear 
weapons, which will take some time to 
achieve. A more immediate step would 
be the elimination, or reduction to the 
extent possible, of the discriminatory el
ements of the Nonproliferation Treaty. 
When this agreement was being negoti
ated in the 1960's, many of the non-nu
clear-weapons states were uneasy about 
the inherent imbalance of the treaty, 
which decreed a permanent division of 
the states of the world into two catego
ries: those with nuclear weapons and 
those without them. Most countries 
were willing to accept the situation as a 
temporary fact of international life, pro
vided that the nuclear-weapons states 
committed themselves to halting and re
versing the nuclear-arms race (accord
ing to Article VI of the treaty) and assist
ing the non-nuclear-weapons states in 
the development of the peaceful uses 
of nuclear energy (according to Article 
IV). The problem of the lack of equal 
rights and obligations between nuclear
weapons states and non-nuclear-weap
ons states was made more difficult by 
the provisions of the treaty that required 
only non-nuclear-weapons states to sub-
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ject their entire nuclear programs to the 
safeguards system of the IAEA. So great 
was the resentment of the non-nuclear
weapons states over what many of them 
regarded as an inequitable and discrimi
natory situation that the u.S. and the 
U.K. (but not the U.S.S.R.) agreed vol
untarily to accept IAEA safeguards 
over their nonmilitary nuclear pro
grams and facilities. Although this con
cession went some way toward achiev
ing greater balance between the two cat
egories of states, it did not go far enough 
to satisfy such countries as India, Brazil 
and Argentina, which continue to regard 
the treaty as discriminatory. 

Even the non-nuclear-weapons states 
that are parties to the Nonproliferation 
Treaty are dissatisfied with what they 
consider the failure of the nuclear
weapons states to carry out their com
mitments under the terms of the treaty. 
At the first Nonproliferation Treaty Re
view Conference in 1975 the nonaligned 
non-nuclear-weapons states (known as 
the Group of 77) were insistent in their 
demands that the nuclear-weapons 
states live up to their commitments and 
that in addition they provide security as
surances to the non-nuclear-weapons 
states by pledging not to use or threaten 
to use nuclear weapons against them. 
The compromise declaration that was 
finally adopted by consensus left most 
of the non-nuclear-weapons states dis
satisfied. 

In the five years that have passed since 
the first Nonproliferation Treaty Re

view Conference little progress has been 
made in satisfying the demands of the 
non-nuclear-weapons states. Although 
the member states of the Nuclear Sup
pliers Group, which met in London af
ter 1975, did succeed, on their own ini
tiative and in their own interests, in 
agreeing to tighten the restrictions and 
safeguards on the export of nuclear ma
terial and equipment, the non-nuclear
weapons states tended to regard this as a 
one-sided effort that would intensify the 
discriminatory aspects of the non-pro
liferation regime. The International Nu
clear Fuel Cycle Evaluation (INFCE) 
has just completed a detailed two-year 
inquiry, with the participation of both 
the importing countries and the suppli
ers, into the many problems of nuclear 
energy and their relation to nuclear
weapons proliferation. The INFCE re
port, which was released in February, 
contains a great deal of valuable infor
mation and analysis. It was strictly a 
technical study, however, not a political 
one. Accordingly it has not yielded any 
solutions to the main problems of nucle
ar energy and nuclear-weapons prolifer
ation, which are largely political in na
ture. Only a combination of both techni
cal and political measures holds out any 
promise of success in halting the further 
proliferation of nuclear weapons. 

Many of the political measures re-

q uired are related to halting and revers
ing the vertical proliferation of nuclear 
weapons as a way of facilitating efforts 
to prevent their horizontal proliferation. 
In this context the most important im
mediate steps that could be taken would 
be the comprehensive test ban and the 
cutoff. The impact of a comprehensive 
test ban is obvious: it would place the 
nuclear-weapons states and the non-nu
clear-weapons states on a more equal 
footing if both were barred from con
ducting any nuclear explosions of either 
a military or a peaceful nature; it would 
also constitute an effective curb on the 
technological improvement of nuclear 
warheads. Finally, it would have an im
mediate symbolic and psychological ef
fect by demonstrating the willingness of 
the nuclear-weapons states to accept 
some limitation on the qualitative nu
clear-arms race. 

The impact of the cutoff, which would 
be similar to that of the comprehensive 
test ban, requires more explanation. It 
would, of course, still be possible for the 
nuclear-weapons states to produce ad
ditional nuclear warheads from their 
stockpiles of fissionable material or to 
transfer explosive material from larg
er to smaller warheads or from older 
to newer ones. The cutoff would still, 
however, constitute an important step 
toward curbing the vertical prolifera
tion of nuclear weapons; it would slow 
the production of nuclear weapons and 
could be a very useful step toward actu
ally ending the production of all nuclear 
weapons. It would therefore help to re
duce the discriminatory features of the 
Nonproliferation Treaty. 

Moreover, once the production of fis
sionable material for weapons purposes 
was halted, future production of fis
sionable material would have to be for 
peaceful civilian purposes. As the U.S. 
stressed in 1969, this would make it pos
sible for the nUclear-weapons states to 
accept the same IAEA safeguards that 
were required of the non-nuclear-weap
ons states under the Nonproliferation 
Treaty, since there would be few mili
tary secrets to protect. Thus at a stroke 
one of the most irritating elements of 
discrimination between the nuclear
weapons states and the non-nuclear
weapons states could be removed. Spe
cial precautions would have to be taken 
so that certain secrets of uranium en
richment would not be disclosed, but 
these need not be much different from 
the precautions now taken under IAEA 
safeguards to prevent the disclosure of 
technological and commercial secrets in 
the case of peaceful nuclear reactors 
and facilities. If additional verification 
procedures were required to ensure that 
uranium-enrichment and plutonium-re
processing plants in the nuclear-weap
ons states were not being used to pro
duce fissionable material for nuclear 
weapons, these procedures would be a 
necessary concomitant of the greater 

nuclear capabilities of the nuclear
weapons states and would not detract 
from the essential equity of the treaty, as 
long as the safeguards on the nuclear
weapons states were no less thorough or 
effective than those on the non-nuclear
weapons states. 

By taking a concrete step toward nu
clear-arms limitation and reduction, by 
holding out hope for further measures 
of nuclear disarmament and by remov
ing the unequal treatment regarding 
international safeguards, the proposed 
production ban could help to strength
en the Nonproliferation Treaty and re
move or at least weaken some of the 
arguments used against it. If a cutoff 
agreement were negotiated as a multi
lateral treaty, it would constitute a di
rect legal barrier to the spread of n ucle
ar weapons to additional countries that 
accepted the treaty. In order for such a 
treaty to apply to non-nuclear-weapons 
states that were prod ucing fissionable 
material, it would have to provide for 
the prohibition as well as the cessation 
of the prod uction of fissionable material 
for weapons purposes and for other nu
clear explosive devices. A prohibition of 
this kind would go considerably beyond 
the provisions of the Nonproliferation 
Treaty and the pending comprehensive 
test ban in imposing a prior legal barrier 
to the spread of nuclear weapons and 
explosive devices to countries that do 
not yet have them. If the treaty were to 
provide for safeguards to be applied 
equitably to both nuclear-weapons 
states and non-nuclear-weapons states, 
and also for the conversion and transfer 
of existing stocks of weapons-grade fis
sionable material to peaceful civilian 
uses, in particular for the benefit of the 
non-nuclear-weapons states, then these 
provisions would serve as incentives for 
non-nuclear-weapons states to become 
parties to it. 

There are several different options 
that could be pursued in negotiating 

a ban on the production of fissionable 
material for nuclear weapons. Ideally it 
would be better if it could be negotiated 
from the beginning as a multilateral 
treaty covering both nuclear-weapons 
states and non-nuclear-weapons states. 
From the practical point of view, how
ever, it might be necessary to begin on a 
bilateral basis between the two super
powers or on a trilateral basis, including 
the U.K. Any preliminary agreement 
reached in this way could be submitted 
to the Geneva Committee on Disarma
ment so that the non-nuclear-weapons 
states would have an opportunity for a 
full discussion and review of the treaty; 
the agreement could then be submitted 
to the UN General Assembly. Hence all 
states would be able to participate in the 
elaboration of the treaty, a procedure 
that would facilitate the widest possible 
adherence to it. 

The verification procedures applied 
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to the nuclear-weapons states could pro
vide in the first instance for complete 
plant-by-plant shutdowns on a recip
rocal or matching basis, as the U.S. 
proposed in the 1960's, with available 
verification techniq ues, incl uding the 
various national technical means of ver
ification. The more complex procedures 
req uired for ensuring the conversion 
of weapons-grade fissionable material to 
peaceful uses could be verified by the 
IAEA safeguards system, which now 
monitors all the nonmilitary nuclear 
facilities of the non-nuclear-weapons 
states under the terms of the Nonprolif
eration Treaty. Special, more stringent 
procedures would have to be negotiated 
for the nuclear-weapons states in co
operation with the IAEA with respect 
to the various problem areas discussed 
above. Procedures would also have to 
be worked out for the conversion of mil
itary stocks to peaceful purposes. 

Another option open to the U.S. 
would be to take the initiative on a cut
off unilaterally. Because of the painfully 
slow pace of negotiations for any inter
national agreement and the complica
tions of obtaining Senate approval, there 
is much to be said for a unilateral ap
proach. There is also ample precedent 
for such national action intended to fa
cilitate international reciprocal action 
or negotiations. The U.S. might well 
consider repeating its initiative of 1964, 
when it unilaterally announced a cut
back of its production of fissionable 
material for weapons and invited the 
U.S.S.R. to reciprocate. This U.S. action 
led to the mutual cutbacks announced 
by the U.S.S.R. and the U.K., which 
came to be known as "reciprocated uni
lateral acts" or, as the Russians called 
the process, action by "m utual example." 

In a similar action President Nixon 
announced in 1969 the unilateral deci-

sion of the U.S. to renounce all use of 
biological agents and weapons, to stop 
the production of all biological agents 
for weapons purposes, to dispose of all 
existing stocks of biological weapons 
and to confine all future biological re
search to defensive purposes. The U.S. 
hoped that other states too would re
nounce biological weapons, and it urged 
that such decisions be converted into in
ternational legal obligations through a 
convention of some kind. This unilateral 
action by the U.S. led to the negotiation 
and successful conclusion in 1972 of the 
Convention on the Prohibition of the 
Development, Production and Stock
piling of Bacteriological (Biological) 
and Toxin Weapons and on Their De
struction. 

A unilateral cutoff by the U.S. of the 
production of fissionable material for 
weapons purposes, at least in the form 
of a suspension, would not appear to 

POTENTIAL NUCLEAR-WEAPONS STATES, shown in differ
ent shades of color on this world map, could each have the technical 
capability of exploding a nuclear device by 1990, if they should de
cide to do so. The darkest-colored countries could acquire this capa
bility within a year or two, the medium-colored ones within two to 

six years and the lightest-colored ones within six to 10 years. Nations 
that have already tested nuclear explosives are shown in gray. Aster
isks are used to designate nations that are not parties to the Nonpro
liferation Treaty. Although neither Israel nor South Africa has yet 
exploded a nuclear device, it is reported that they both now have the ca-
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place it in any disadvantageous position 
compared with the U . S.S.R. if it were 
done on a temporary trial basis and the 
Russians were called on to take similar 
unilateral action and to begin negotia
tions for a cutoff treaty. The U .S. might 
therefore consider whe ther it could ad
vance the cause of curbing both the ver
tical and the horizontal proliferation of 
nuclear weapons by initiating such uni
lateral action. If the initiative were care
fully prepared in private through diplo
matic channels, it might lead to a resul t 
as successful as the unilateral cutback in 
the prod uction of fissionable material 
for weapons in 1964 and the unilateral 
cutoff of the production of biological 
agents for weapons in 1969. Such unilat
eral national action has the great merit 
of speed and timeliness in its initiation 
and implementation. 

The two superpowers agreed last year 
in their Joint Statement of Principles 

pability of doing so. Libya is included as a po
tential nUclear-weapons state by virtue of its 
special ties to Pakistan. The map is an updat
ed version of one published by the author ill 
the April 1 975 issue of SCIE:-ITIFIC AMERICAN. 

and Basic Guide lines for Subsequent 
Negotiations on the Limitation of Stra
tegic Arms that they would pursue "sig
nificant and substantial reductions in 
the numbers of strategic offensive arms 
[and) qualitative limitations on strategic 
offensive arms, including restrictions on 
the development, testing and deploy
ment of new types of strategic offensive 
arms and on the modernization of ex
isting strategic offensive arms . "  It is ob
viously in their mutual interest to do 
so, not only as a means of containing 
the nuclear-arms race and reducing the 
threat of nuclear war but also as a possi
ble avenue for restraining the spread of 
nuclear weapons to other countries. 

When the cutoff was first proposed by 
President Eisenhower in 1953, the situa
tion in the world was vastly different 
from what it is now. The U.S.S.R. was 
far behind the U.S. in all areas of nucle
ar weaponry, and the danger of the pro
liferation of nuclear weapons was still 
rather remote . Today there is a rough 
parity between the two superpowers, 
and the threat of the further spread of 
nuclear weapons to additional coun
tries, with all the incalculable problems 
that it would present to the superpowers 
and to the relative stability of the inter
national situation, is a very real danger. 

There is no assurance that if the su
perpowers were able to agree on a ban 
on the production of fissionable materi
al for weapons or other explosive nucle
ar devices, that act alone would prevent 
the proliferation of nuclear weapons 
to additional countries. Nevertheless, 
a cutoff treaty could, particularly if it 
closely followed a comprehensive test 
ban, provide concrete evidence that the 
superpowers were determined to halt 
and reverse the nuclear-arms race. It 
might also create sufficient positive 
feedback to facilitate other measures 
that would halt both vertical and hori
zontal proliferation. 

Apart from the major considerations 
outlined here there is an additional rea
son for proceeding with a cutoff. In spite 
of the opposition to nuclear power 
plants that has developed in recent years 
it seems fairly clear that the world will 
have to rely on nuclear power as an im
portant and perhaps growing source of 
energy in the future . The fears of a 
few years ago of a shortage of urani
um for nuclear reactors, which seem to 
have subsided for the moment, may very 
well re vive. The high-enriched uranium 
stockpiled for weapons could provide 
a source of low-enriched uranium for 
power reactors. Every 1,000 kilograms 
of weapons-grade uranium could be 
converted into some 30,000 kilograms 
of nuclear fuel for reactors. This energy 
source would by itself help to postpone 
the advent of commercial breeder reac
tors and the plutonium economy. Fur
thermore, if all fissionable material pro
duced in the future were to be used sole-

ly for peaceful purposes, there would be 
less fear that if the world does in fact 
move toward breeder reactors and plu
tonium recycling, it would lead to nucle
ar-weapons proliferation. 

There is of course the e ver present 
matter of the politics of the cutoff. 

The difficulties of achieving agreement 
on the SALT II Treaty and the looming 
threat of the Senate's failure to give its 
consent to ratification are so great that 
they create doubts for even the most op
timistic proponents of arms control. The 
current mood of the American public 
and Congress verges on hostility toward 
arms-control measures. This antipathy, 
however, makes it all the more neces
sary to seek new ideas and openings that 
could keep the process going. Under the 
most pessimistic circumstances short of 
war it is almost inconceivable that the 
two superpowers would abandon their 
efforts to halt the nuclear-arms race and 
restrain the proliferation of nuclear 
weapons. Even during the "cold war" 
the U.S. took imaginative initiatives 
such as the Baruch plan in 1946 and the 
"Atoms for Peace" proposal in 1 953. 
Any initiative in favor of the cutoff 
would be much simpler and far less radi
cal than either of those initiatives. 

The fact that the U.S.S.R.  has in the 
past opposed a halt in the production of 
fissionable material for weapons pur
poses without a corresponding halt in 
the production of nuclear weapons 
should not be regarded as an insupera
ble obstacle. In the case of almost every 
multilateral arms-limitation agreement 
the U.S.S.R.  at first took a radical posi
tion and called for total prohibitions. 
When it became apparent that the over
whelming majority of states were op
posed to an all-or-nothing approach and 
considered half a loaf better than none, 
the U .S.S.R. has in almost all cases ac
cepted a partial solution, often along 
the lines urged by the U.S. This same 
pattern has been repeated in many as
pects of the SALT negotiations. Hence 
on the grounds of historical experience 
as well as of logic there is reason to hope 
that the U .S.S.R. would agree also to the 
cutoff as a first step toward further mea
sures of nuclear-arms limitation. 

The recent initiative taken by Canada 
has already received the support of 
nearly all the Western and nonaligned 
countries. If the leaders of the U.S. 
would once again apply their minds to 
the cutoff, the problem could be on the 
way to solution. Apart from the early 
achie vement of a Comprehensive Test 
Ban Treaty, it is difficult to imagine a 
more promising new step than a treaty 
banning the prod uction of fissionable 
material for nuclear weapons. Such an 
effort could also do much to restore the 
eroding credibility of the U.S. commit
ment to nuclear-arms control and non
proliferation. 
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Systemic Lupus Erythematosus 
A rheumatic disease with varied symptoms, SIE is a disorder of the 
immune system. A patient makes autoantibodies that bind to such 
antigens as DNA, forming immune complexes that can injure tissue 

One of the early manifestations of 
systemic lupus erythematosus 
(SLE) is the erosive inflamma

tion of the skin, typically in the form 
of a "butterfly rash" over the nose and 
cheeks, that gave the disease its origi
nal name: lupus erythematosus, or "red 
wolf." That name does not begin, how
ever, to reflect the true scope and the 
multisystem nature of this puzzling 
rheumatic disease that afflicts perhaps 
one U.S. woman in 500 (and about a 
tenth as many men). It is indeed a sys
temic disease, affecting not only the skin 
but also, in different patients and at dif
ferent times, the joints, the blood ves
sels, the heart, the I ungs and the brain
and mo.st significantly the kidneys. 

Whatever the symptoms may be in an 
individual case, the disease is essentially 
a disorder of the immune system. For 
some time SLE was considered an "au
toimmune" disease, one in which the pa
tient forms antibodies that interact with 
antigens in her own tissues. That may be 
the case for some manifestations of the 
disease. It now appears, however, that 
SLE is primarily an "immune complex" 
disease: the patient's antibodies com
bine with antigens (whether foreign an
tigens or the patient's own is still not 
known) to form complexes that actually 
mediate the tissue damage. 

Aprimary function of the immune 
system is to distinguish self from 

nonself and thereby protect the body's 
internal environment against infection 
and other challenges from the external 
environment. In man the system con
sists of perhaps a trillion (1012) of the 
cells called lymphocytes and some 1020 
immunoglobulin molecules, or antibod
ies. There are two kinds of lymphocytes: 
B cells and T cells. Each clone, or line, 
of B cells is genetically programmed to 
make a particular antibody with com
bining sites that recognize a particular 
epitope: a region of an antigen molecule 
with which the antibody interacts. 

In its resting state a B lymphocyte dis
plays some of its antibody as receptors 
on its surface. Contact of a receptor 
with its specific antigen stimulates the 
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B cell to proliferate and differentiate, 
forming a clone of antibody-producing 
plasma cells that manufacture millions 
of identical antibody molecules. There 

'are five major classes of antibodies, two 
of which are of primary importance in 
SLE and other rheumatic diseases: the 
immunoglobulins (or gamma globulins) 
IgG and Ig M. Antibody combines, ei
ther in the blood or in the tissues, with 
antigen, thereby forming immune com
plexes and setting in motion various 
processes that can destroy cells carrying 
the antigen or that can damage innocent 
bystanders: the organism's own tissues. 

The important immune complexes ap
pear to be those that fix complement: 
a nine-component group of serum pro
teins. A portion of the first component 
designated Clq interacts with the anti
body part of a complex, initiating a se
ries of reactions that bring on an in
flammatory response. Factors formed 
by complement can bind to ne utrophils 
(the commonest white blood cells), fa
cilitating phagocytosis (ingestion of par
ticles) and the release of enzymes that 
break down protein. Small molecules 
derived from complement attract other 
phagocytic cells. Other factors increase 
the permeability of blood vessels by 
releasing such substances as histamine 
from certain cells, thus increasing the 
influx of inflammatory cells and also 
enhancing the deposition of immune 
complexes. 

Whereas the B lymphocytes mediate 
humoral immune mechanisms involv
ing soluble antibodies, the T lympho
cytes mediate cellular immunity. They 
too have specific receptors on their sur
face that recognize epitopes on antigen 
molecules. The recognition of an anti
gen prompts the release from the T cells 
of lymphokines, chemical substances 
that have multiple effects: they injure 
cells, inhibit the replication of viruses 
and attract inflammatory cells. Other T 
lymphocytes influence the production 
of antibody by B cells. One type, the 
helper cells, facilitates the proliferation 
of B cells and another type, the suppres
sor cells, retards it. In SLE T cells seem 
to be important because their regula-

tory function is disturbed rather than 
because they damage tissue directly. 

Although the immune system general
fi Iy distinguishes self from nonself, 
the distinction is by no means absolute. 
As far back as 1902 Paul Ehrlich called 
attention to the potential for self-injury 
through the immune system. Ehrlich 
assumed that a horror autotoxicus must 
protect against this possibility: that "the 
organism has contrivances" preventing 
the immune response "from reacting 
against the organism's own elements." 
That is not the case, however; there are 
many situations in which just such a re
sponse takes place. Perhaps the earliest 
autoimmune disease caused by physi
cians was an encephalomyelitis (inflam
mation of the brain and spinal cord) 
that was inadvertently induced in people 
who had been bitten by a dog and who 
received multiple injections of the Pas
teur vaccine to pre.vent rabies. The vac
cine, prepared by growing rabies virus 
in the rabbit spinal cord, contained an
tigens that "cross-reacted" with antigens 
in the human central nervous system. 
That is, the rabbit and human antigens 
had at least some epitopes in common, 
and the antibodies whose production 
the vaccine stimulated recognized and 
interacted with the human epitopes. 

In 1933 Thomas M. Rivers of the 
Rockefeller Institute for Medical Re
search demonstrated that monkeys giv
en a series of injections of homoge
nized nervous tissue developed a sim
ilar encepharomyelitis. It was not until 
1956, however, that Ernest Witebsky 
and Noel R. Rose, working at the Uni
versity of Buffalo School of Medicine, 
clearly defined autoimmune disease and 
reported a reproducible method where
by the natural tolerance of the immune 
system toward its own antigens could 
be abrogated. They immunized rabbits 
with extracts of the rabbit thyroid gland 
mixed with an adjuvant (a substance 
that enhances the immune response); 
the rabbits developed thyroiditis, or in
flammation of their own thyroid gland. 
Witebsky and Rose defined criteria for 
an autoimmune disease: immunization 
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with an antigen such as a particular thy
roid protein initiates an immune re
sponse to the antigen followed by path
ological changes that are limited to the 
organ containing the antigen. Later Wil
liam O. Weigle of the Scripps Clinic and 
Research Foundation in La Jolla, Calif., 
found that a similar thyroiditis could 
be produced by immunizing rabbits with 
cross-reacting thyroid proteins from dif
ferent species; the proteins were recog
nized as being foreign but had epitopes 
identical with epitopes on the rabbits' 
own thyroid gland. The mechanism of 
autoimmune disease, then, is a direct at
tack by the body's immune apparatus, 
most probably involving both antibod
ies and sensitized T cells, on the body's 
own tissues. 

There is another mechanism for self
inj ury by the immune system. It was rec
ognized in the early 1900's when Clem
ens von Pirquet of the Johns Hopkins 
University School of Medicine speculat
ed about the cause of the "serum sick
ness" seen in people who had been treat
ed (to counteract the effects of tetanus 
toxin, for example) with an antiserum 
prepared in horses. Von Pirquet sug
gested that serum sickness resulted from 
the interaction of the patient's antibod
ies with foreign antigens-proteins in 
the horse serum-to form a toxic sub
stance. He was right. The substance is an 
immune complex, and it is responsible 
for the rash, joint pains and other symp
toms of serum sickness. The mechanism 
of tissue injury in an immune-complex 
disease involves the formation of toxic 
antigen-antibody complexes, and such 
complexes can be made in the course of 
an immune response to an antigen. 

Both autoantibodies and immune 
complexes are ubiquitous in mam

malian serum. Their presence is almost 
surely not just an accident; they appear 
to be integral components of the im
mune system that have a vital role in 
preserving homeostasis, or the stability 
of the body's internal environment. Ac
cording to the network theory proposed 
by Niels Kaj Jerne of the Basel Insti
tute for Immunology, for example, a 

AUTOANTIBODIES that induce the forma
tion of a lupus erythematosus (LE) cell pro
vided the first diagnostic test for SLE. White 
blood cells are shaken in a test tube to damage 
them and are then incubated with a patient's 
serum. If the serum contains antinuclear anti
bodies, characteristic of SLE, that react with 
the DNA-protein complex of the nucleus, the 
antibodies penetrate damaged cells and cause 
their nuclei to swell, degenerate and be extrud
ed as free nuclear bodies (upper left in top mi
crograph). A neutrophil may engulf the nucle
ar body, forming an LE cell (lower right in top 
micrograph); the neutrophil's own nucleus is 
compressed at the rim of the cell, as is shown 
more clearly by a stain for DNA (middle mi
crograph). Sometimes a nuclear body is sur
rounded by "rosette" of neutrophils (bottom). 
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particular class of autoantibodies, the 
anti-idiotypic antibodies, help to self
regulate the immune system [see "The 
Immune System," by Niels Kaj Jerne; 
SCIENTIFICAMERICAN,July, 1973]. These 
are antibodies to epitopes (called idio
types) that are at or near the combining 
site of the IgG molecule and are specific 
for antibody formed by a single clone 
of plasma cells. These unique epitopes 
were first described in man by Henry G. 
Kunkel of Rockefeller University and in 
animals by Jacques Oudin of the Pas
teur Institute. Anti-idiotypic antibodies 

have been identified in experimental an
imals and induced anti-idiotypic anti
bodies have been shown to enhance or 
suppress the animals' immune response. 

Among the commonest autoantibod
ies in man are "rheumatoid factors," 
a group of antibodies directed against 
gamma globulin. Rheumatoid factors 
are present in low concentrations in nor
mal individuals and in much higher con
centrations in patients with various dis
eases; they are particularly pronounced 
in rheumatoid arthritis and SLE, where 
they may have an important role in the 
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IMMUNE RESPONSE is effected by circulating antibodies and by sensitized cells. Stem cells 
(1) in the bone marrow differentiate, forming immature lymphocytic cells that migrate to 
lymphoid tissue associated with the intestine (2a) and to the thymus (2b), where they mature to 
become respectively Band T lymphocytes (3). A B cell is genetically programmed to make a 
few copies of a specific antibody, which act as receptors on the cell's surface. Different kinds 
of T cells, with somewhat similar receptors, have regulatory roles or become sensitized by anti
gen to function in cellular immunity. There are five classes of antibodies, of which IgM and 
IgG are the most important in SLE. Here an IgM-producing cell is "switched" to make IgG (4). 
An epitope (a small site on an antigen molecule) interacts with the combining site of an IgG re
ceptor, causing the B cell to give rise to a clone of plasma cells (5) that synthesize large amounts 
of a specific antibody, which can be identified by its unique idiotjpe: an epitope in the anti
body's combining site. The same idiotype may be present on the surface receptors of T cells 
that modulate the antibody response. The antibody can react with an epitope on the same anti
gen that originally stimulated the B cell to proliferate, thus forming an immune complex (6). 
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disease process. Other autoantibodies 
are directed against the material in the 
cell nucleus. They are present in a small 
percentage of normal individuals, with 
a higher incidence in older people and 
(as will appear below) a much higher in
cidence in SLE patients. (I should point 
out that the distinction between a "nor
mal" and an "abnormal" antibody level 
depends on the sensitivity of an assay 
and becomes increasingly obscure as 
more precise immunologic probes be
come available.) 

What is the biological function of 
autoantibodies and immune complexes 
normally present in the absence of for
eign challenge? All in all, the available 
evidence suggests that they have a cen
tral role in preserving homeostasis. The 
events associated with SLE represent 
malfunctions of normal homeostatic 
mechanisms, and the malfunctions are 
expressed clinically as the SLE syn
drome, or group of symptoms. 

Tupus erythematosus was identified in 
L the mid-19th century as a disease 
limited to the skin, but by the end of the 
century Moritz Kaposi in Vienna and 
William Osler at Johns Hopkins had de
scribed a number of systemic mimifes
tations that were often associated with 
"facial lupus": arthritis, pneumonia and 
symptoms involving the central nervous 
system. Early in this century pathology 
of several abdominal organs was recog
nized as part of the clinical picture. In 
1941 SLE was classified by Paul Klem
perer, Abou D.  Pollack and George 
Baehr of Mount Sinai Hospital in New 
York as a "collagen-vascular disease," a 
disease affecting connective tissue and 
blood vessels. 

It was the discovery of the lupus ery
thematosus (LE) cell in 1948 by M. M. 
Hargraves of the Mayo Clinic that 
drew attention to SLE's immunologi
cal aspects. Halsted R. Holman and 
Kunkel found that the serum of SLE 
patients contained a gamma globulin 
with an affinity for nuclei and specifical
ly for the nucleoproteins: the proteins 
complexed with DNA in the chromo
somes. It turned out that a variety of 
antibodies that react with nuclei are 
present in patients' serum, one of which, 
an antibody to the DNA-protein com
plex, was shown to be responsible for 
the phenomenon of the LE cell. The 
observation that most SLE serums con
tained antibodies reactive with "self" an
tigens led to the view that SLE was an 
autoimmune disease. 

It is difficult, however, to invoke auto
immune reactions to explain the typi
cal clinical findings in SLE patients: fe
ver, fatigue, skin rash, arthritis, vascular 
inflammation, pleurisy, pericarditis and 
glomerulonephritis: the kidney disease, 
characterized by inflammation of the re
nal glomeruli (which filter the blood), 
that is one of the most serious manifes
tations of SLE. Antinuclear antibodies, 
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a common type of autoantibody, do not 
ordinarily penetrate the membrane of 
intact living cells. And one does not usu
ally find deposits of antinuclear antibod
ies in the tissues of SLE patients, as one 
would expect to if such antibodies were 
responsible for the pathology. 

The clinical and pathological mani
festations of SLE resemble those of se
rum sickness much more than they do 
those of a typical autoimmune disease
and serum sickness results from the for
mation of immune complexes. Evidence 
suggesting a direct pathogenic role for 
antigen-antibody complexes has come 
from several different kinds of investi
gation. First, at about the time circulat
ing antinuclear antibodies were found 
in SLE serum, deposits of gamma glob
ulin were found in patients' glomeruli 
by Robert C. Mellors of the Cornell 
University Medical College and in small 
arteries of the liver and spleen and in 
LE cells by Jacinto J. Vazquez and 
Frank J. Dixon, who were then work
ing at the University of Pittsburgh 
School of Medicine. The circulating an
tibodies were found to be directed pri
marily against nuclear antigens: DNA, 
in both its "native" double-strand form 
and its "denatured" single-strand form, 
and DNA complexed with the protein 
histone. Eng M. Tan, Kunkel and their 
colleagues showed that the serum lev
el of DNA antigens and of antibodies 
to them fluctuated in several patients, 
suggesting an association between im
mune-complex formation and increas
ing disease activity. Subsequent studies 
have confirmed a striking correlation 
between flare-ups of disease activity and 
a reduction in the serum level of com
plement, which is fixed by antigen-anti
body complexes and deposited in tissues 
or cleared by reticuloendothelial cells. 

Eventually, with Kunkel and others in 
his laboratory, I was able to provide 

direct visual evidence that antigen-anti
body complexes can be important medi
ators of both vascular and kidney injury 
in SLE, depending on the site of dep
osition. We examined kidney biopsy 
samples taken from patients at various 
stages of disease. Light microscopy with 
conventional stains showed different de
grees of tissue inj ury. Fluorescence mi
croscopy of samples exposed to an an
tibody labeled with a fluorescent dye 
revealed, in most patients with SLE, de
posits of immune complexes in the mes
angium, a region of the glomerulus that 
clears the blood of large molecules. 

When these deposits were limited to 
the mesangium, there was either mini
mal evidence or none of proteinuria (ex
cess protein in the urine, the major lab
oratory sign of glomerulonephritis). In 
samples from patients with increased 
proteinuria, on the other hand, granu
lar deposits of gamma globulin together 
with complement provided evidence for 
the presence of complexes, which were 
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FLARE-UP OF DISEASE is traced for a typical SLE patient with limited kidney disease. The 
blood serum's content of antibodies against double- and single-strand DNA increases, and the 
complement level begins to decline, before the onset of proteinuria (increased urinary excretion 
of protein), a sign of kidney malfunction. Note the rapid decrease in antibodies associated with 
extreme complement depression; the antibodies have combined with antigen to form immune 
complexes, which fix complement (and which may be observed in the serum as cryoglobulin, a 
gel-like precipitate formed at low temperature). Another antinuclear antibody, anti-Sm, does 
not increase during a flare-up; apparently only certain antibodies participate in forming im
mune complexes capable of inducing tissue damage. Prednisone, an anti-inflammatory ster
oid drug, is effective in treating an acute episode; its mechanism of action is not understood. 

seen along the basement membrane, the 
membrane through which the blood is 
filtered. Continued deposition of these 
complexes gives rise to a thickening of 
the capillary walls. Observation of just 
such thickening in SLE patients' glomer
uli had led Klemperer in 1935 to relate 
SLE to serum-sickness lesions in the kid
neys of horses given repeated injections 
of diphtheria toxoid in order to prepare 
antiserum. 

The role of complexes in SLE re
mained hypothetical until Frederick G. 
Germuth, Jr., who was then at Johns 
Hopkins, did animal experiments in the 
1950's that established their importance 
and specifically related the extent of 
disease to the immune response to an 
antigen. Germuth and his colleagues 
showed that long-term administration 
of protein antigens to rabbits gave rise 
to a chronic disease similar to serum 
sickness in animals and to glomerular 
lesions like those in the kidneys of SLE 
patients. When the rabbits were immu
nized with a. constant dose of a protein 
(bovine serum albumin), the severity of 
the glomerulonephritis depended on the 
individual rabbit's antibody response. In 
rabbits with a strong response (large 
amounts of antibody) extensive lattices 
of linked antigen-antibody complexes 
were formed; these were readily re
moved by the reticuloendothelial sys
tem and seemed not to be toxic. Rabbits 

with a lesser antibody response formed 
slightly smaller complexes, which had 
an affinity for the mesangium. Rabbits 
with a still weaker antibody response 
formed still smaller complexes, and de
veloped a diffuse proliferative glomeru
lonephritis, the severe form of the dis
ease. Lower antibody responses yet gave 
rise to yet smaller complexes and no 
signs of disease. 

Earlier studies by Theodore P. Pincus 
and Charles L. Christian of the Colum
bia University College of Physicians 
and Surgeons had indicated that the in
trinsic properties of antibodies against 
bovine serum albumin influenced the 
toxicity of complexes. Germuth, on the 
basis of subsequent investigation at the 
Saint Louis University School of Medi
cine, emphasized the role of such quali
tative characteristics of the antibody as 
its avidity, or tendency to bind antigen. 
Dixon and his colleagues, who are now 
at the Scripps Clinic, did a series of crit
ically important experiments in which 
they adjusted the antigen dose to main
tain a state of moderate antigen excess, 
that is, a state in which there is a lit
tle more antigen than antibody in the 
complexes. Such complexes were partic
ularly likely to produce chronic mem
branous glomerulonephritis. The onset 
of the nephritis was associated with a 
marked increase of deposits in the kid
ney, suggesting that the initial injury fa-
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cilitated increased deposition and that a 
possible contributing factor was satura
tion of the reticuloendothelial system 
(so that it could no longer dispose of the 
complexes). Robert T. McCluskey and 
Baruj Benacerraf, who were then at the 
New York University School of Medi
cine, went on to produce both glomeru
lonephritis and vasculitis (inflammation 
of the blood vessels) in mice directly 
by administering soluble immune com
plexes that had been preformed in the 
laboratory. 

In other words, immune complexes 
vary in their toxic potential, and this 

explains in part the wide range of clin
ical symptoms. The site of deposition 
and the initiation of an inflammatory 
response are influenced by the size of the 
complex, the number of binding sites 
on the antigens and the antibodies, the 
number of different antibodies and their 

AFFERENT 

avidity for the antigens. Charles G. 
Cochrane of the Scripps Clinic found, 
moreover, that agents tending to in
crease the permeability of blood vessels 
also had an effect on the toxicity of com
plexes. Treating rabbits with antago
nists of such agents as histamine and 
serotonin reduced the deposition of 
complexes and the ensuing inflamma
tion. Mart Mannik of the University of 
Washington School of Medicine showed 
that the ability of the reticuloendotheli
al system to remove complexes is affect
ed by the ability of phagocytes to recog
nize a particular part of the antibody. 

In some SLE patients with kidney 
symptoms the disease remains limited 
to a focal glomerulonephritis, in which 
only some of the glomeruli have im
mune-complex deposits and suffer inj u
ry; drugs that reduce inflammation or 
suppress the immune response seem to 
be particularly effective at this stage. In 
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other patients the disease progresses to 
the diffuse, proliferative phase marked 
by massive deposits in most glomeruli 
and by significant proteinuria. Recently 
Giuseppe A. Andres of the State Uni
versity of New York School of Medi
cine at Buffalo and McCluskey, who is 
now at the Harvard Medical School, 
have stressed the importance of inj ury 
to the kidney tubule (where fluids and 
dissolved substances are reabsorbed 
from the glomerular filtrate) as the re
sult of complex deposition in tissue 
around the tubule. 

In an effort to characterize the na
ture of complexes found in progressive 
forms of the disease, Kunkel, Peter H. 
Schur and I examined the kidneys of pa
tients who had died as the result of SLE 
kidney disease; John B. Winfield and I 
examined the cryoglobulins (immune 
complexes precipitated at low tempera
ture from the serum) of SLE patients. 

EPITHELIAL CELL 

BOWMAN'S CAPSULE 

EPITHELIAL 

MESANGIAL MATRIX 

GLOMERULONEPHRITIS, an inflammation of capillary loops in 
tbe glomeruli of tbe kidney, is a serious manifestation of SLE. Tbe 
kidney (a), wbere toxic substances and fluids are removed from tbe 
blood for excretion as urine, is composed of some one million of tbe 
functional units called nepbrons. Eacb nepbron (b) consists of a tuft 
of looped capillaries, tbe glomerulus, wbere tbe blood is filtered, and 
a tubule tbrougb wbicb tbe filtrate passes to a collecting duct; mucb 

of tbe fluid and some dissolved substances are reabsorbed from tbe 
tubule into a network of capillaries surrounding tbe tubule. Tbe glo
merulus (c) is a lobed tuft of interconnected capillaries. A section of 
tbe glomerulus (d) sbows tbe lumen, or bore, of capillary brancbes 
wrapped in a bas

'
ement membrane covered by epitbelial cells; tbe 

membrane and tbe epitbelial cells control filtration. Large molecules 
are removed from tbe blood and are deposited in tbe mesangium. 
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Several antibodies were eluted (washed 
out) from the glomeruli and similar ones 
were isolated from cryoglobulins. Anti
bodies from both sources were found to 
be more highly concentrated than they 
were in the serum as a whole, suggest
ing that they had been concentrated in 
antigen-antibody complexes. The anti
bodies were directed against double
strand DNA, single-strand DNA and ri
bonucleoprotein; complexes containing 
DNA were most prominent, and DNA 
antigen could be demonstrated in glo
meruli containing anti -DNA antibodies. 

The DNA immune complex was the 
first specific tissue-damaging agent 

identified in glomerulonephritis in man; 
other antigens have been localized in the 
kidneys of patients with "primary" glo
merulonephritis-kidney disease similar 
to that of SLE but not associated with it. 
Because its many symptoms give notice 
of kidney involvement early SLE has 
served as a prototype for the study of 
immune-complex disease in general. 

Winfield, Kunkel and I found that the 
anti-DNA antibodies eluted from glo
meruli have a higher avidity than the 
same kind of antibodies in patients' 
serum. Moreover, the circulating anti
DNA antibodies in patients with kidney 
disease have lower avidity than those in 
patients without kidney disease. These 
findings suggest that in glomerulone
phritis the high-avidity antibodies are 
preferentially deposited as complexes in 
the kidney. The result is that monitor
ing the serum for circulating antibodies 
alone may fail to detect a significant an
tibody because it is part of a complex. 
The ability to identify circulating com
plexes and so evaluate disease activity 
has been facilitated by several impor
tant advances, including the isolation of 
complement components and the eluci
dation of the complement pathways by 
Hans J. MUller-Eberhard of the Scripps 
Clinic, by Shaun Ruddy of the Medical 
College of Virginia and by others. 

One way to get at complexes is by 
examining the cryoglobulins, whose 
interactions with complement had been 
studied by Christian. Vincent Agnello, 
Kunkel and I found that patients with 
particularly large amounts of cryoglob
ulins have prominent deposits of Ig M 
in their kidneys, in contrast to most pa
tients with SLE kidney disease, in whom 
IgG is the major immunoglobulin; IgM 
rheumatoid factor is also a major com
ponent of circulating cryoglobulins in 
SLE. These findings indicate that com
plexes of gamma globulin and antibod
ies against it contribute to kidney dam
age in at least one group of patients. 
Recently Morris Reichlin of the State 
University of New York School of Med
icine at Buffalo has found still another 
immune-complex system involving anti
gens from the cytoplasm of cells, again 
suggesting that various complexes can 
contribute to glomerular damage. 

The observation by Agnello, Robert 
J. Winchester and Kunkel that Clq (the 
complement protein that interacts with 
antibody) forms a precipitate with ag
gregates of immunoglobulin provided 
a way to detect circulating complexes. 
Agnello, Kunkel and I found such pre
cipitates in the serum of SLE patients. 
Paul H. Lambert and Peter A. Miescher 
of the University of Geneva have devel
oped another assay for complexes that 
utilizes Clq labeled with a radioactive 
isotope. And Argyrios N. Theofilophou
los and Dixon have developed an assay 
exploiting lymphoid cells (called Rajii 
cells) that have receptors for compo
nents of the complement fixed to com
plexes. These and other assays for im
mune complexes provide information 
about the course of SLE that cannot be 
obtained by monitoring only the level 
of antigen or antibody. 

Whereas a clear relation has been 
demonstrated between immune 

complexes and both kidney disease and 
blood-vessel injury, it has been difficult 
to identify the mechanism of tissue inju
ry in other manifestations of SLE. Im
munofluorescence studies of skin biop
sies show, for example, that about half 
of all SLE patients have immune-com
plex deposits in the skin just below the 
outer layer (the epidermis), but the de
posits do not always cause inflamma
tion. Tan and Kunkel observed granular 
deposits of gamma globulin both in in
flammatory lesions and in areas of quite 
normal skin. Morris Ziff and James N. 
Gilliam of the University of Texas 
Health Sciences Center in Dallas and 
Reichlin reported that the incidence of 
such deposits in normal skin is increased 
in patients with kidney disease, who of
ten have larger amounts of circulating 
immune complexes. The deposits may 
also be found in "discoid" SLE, where 
skin changes are the major symptom. 
There are many unanswered questions 
about these lesions and their associated 
deposits. What differentiates the effect 
of complexes in normal skin from the 
effect in inflamed skin: the properties of 
the deposits themselves or the patient's 
reaction to them? Are complexes depos
ited in the skin different from those de
posited in glomeruli? If they are, why? 

The basis of the neurological symp
toms in SLE, which tend to be seen only 
some years after the onset of the disease 
and are being encountered more often 
as the life span of SLE patients length
ens, is still poorly understood. There is 
little evidence connecting deposits with 
any lesions in the brain or even connect
ing particular lesions with such symp
toms as convulsions and psychoses. A 
variety of antibodies have been found in 
SLE patients' serum that react with ner
vous-system antigens, but they have not 
been linked to neurological disease. 

What evidence there is for a direct ef
fect of autoantibodies (as distinguished 

from complexes) in SLE primarily in
volves the interaction of circulating an
tibodies with cellular elements of the 
blood. Antibodies that react with anti
gens on the surface of red blood cells 
may be associated with hemolytic ane
mia, a state in which the red cells are 
damaged and the hemoglobin level is 
therefore red uced. 

Antibodies against both Band T lym
phocytes are found in the serum of SLE 
patients. Defects in T -cell function, in
cl uding red uced suppressor-cell activi
ty, have been observed; one population 
of antibodies against T cells cross-reacts 
with antigens similar to antigens in the 
mouse brain, but it is not yet known 
whether these antibodies alter cellular 
immune function or affect brain tissue 
in patients. Winfield, Winchester and 
Kunkel noted that the presence of cer
tain antilymphocyte antibodies in SLE 
serum is associated with a red uced level 
of circulating lymphocytes. They also 
found a high concentration of such anti
bodies in cryoglobulins, suggesting that 
they may form immune complexes with 
surface antigens released from circulat
ing lymphocytes. 

Apart from the antibodies responsible 
for hemolytic anemia, however, autoan
tibodies have not been clearly shown to 
be directly responsible for tissue injury 
in SLE. There is now general agreement 
that it is immune complexes that cause 
tissue injury in blood vessels and glo
meruli. And studies by Andres of the 
synovial membrane in joints, of the 
pleura and pericardium (respectively 
the membranes enclosing the lung and 
the heart) and of the alveolar septae (the 
walls of the air sacs of the lung) suggest 
that complexes may be responsible for 
many symptoms of SLE. 

Up to this point I have been discussing 
the mechanisms of tissue injury in 

SLE. To say that SLE appears to be an 
immune-complex disease, however, is 
not to identify its cause or causes. That 
remains to be done; so far only a few 
etiological facts have been established. 
There is a genetic predisposition to the 
development of SLE; abnormalities of 
the patient's immune system are implic
it in the SLE syndrome; a variety of 
factors have been associated with the 
disease, including certain drugs, estro
genic hormones, ultraviolet radiation 
and viral infection. 

The most striking evidence for a ge
netic determination is the fact that if one 
of two identical twins develops SLE, the 
other twin also develops the disease in 
from 50 to 60 percent of the instances, 
whereas the concordance is only 2 or 3 
percent in fraternal twins and in other 
first-degree relatives of SLE patients; 
the incidence in the general population 
is only about .2 percent. Several rare 
congenital abnormalities in the comple
ment proteins have been associated with 
SLE. Genes controlling the synthesis of 
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some complement proteins are linked 
with (on the same chromosome as) 
genes controlling the immune response 
and the production of histocompatibili
ty antigens: a set of molecules that differ 
from individual to individual and are 
recognized in the rejection of grafts. The 
incidence of SLE is markedly increased 
in individuals with certain histocompat-

IMMUNt:- ;:;,���c';'�_--: 

ibility types. All of this is evidence for a 
genetic influence in SLE, but the mecha
nism whereby genetic factors affect the 
disease remains to be explained. The 
linkage between a genetic factor and the 
disease could be 

'
dependent on some 

auxiliary factor. For example, a defect 
in the complement system or the im
mune system might represent a predis-

position to a viral infection that in turn 
gives rise to the disease. 

Dysfunction of both the antibody and 
the cellular components of the immune 
system have been demonstrated in SLE. 
Patients have many different autoanti
bodies that have a particular propensity 
for immune-complex formation, one 
of which, the antibody against double-

ENDOTHELIAL CELL 

BASEMENT MEMBRANE 

OF PATIENTS WHO DEVELOP KIDNEY DISEASE, 
15 PERCENT 70 PERCENT 15 PERCENT 

IMMUNE-COMPLEX 

FUSED 
EPITHELIAL CELLS 

ELiAL 

BASEMENT 
>.,�. �-- MEMBRANE 

IMMUNE-COMPLEX DEPOSITION in the kidney is diagrammed 
at different stages of SLE. Even in a patient without kidney disease 
a structurally normal glomerulus has deposits of immune complexes 
in the mesangium (top). Two-thirds of SLE patients have kidney dis
ease; of these ahout 70 percent develop focal proliferative glomeru
lonephritis and minimal or moderate proteinuria (middle), with spot
ty deposits along the hasement membrane under the endothelial-cell 
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CELLS 

MESANGIAL CELL 

IMMUNE-COMPLEX 
DEPOSITS 

lining. Some 15 percent develop membranous glomerulonephritis, 
with moderate or marked proteinuria (boltom left); continued depo
sition results in fairly homogeneous linear deposits outlining the base
ment membrane. f\.nother 15 percent (and also some proportion of 
those with focal disease) develop diffuse proliferative glomerulo
nephritis, with massive deposits of immune complexes in most glo
meruli (bottom right). Diffuse disease usually leads to kidney failure. 
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strand DNA, is present almost exclu
sively in SLE. One subpopulation of 
anti-DNA antibodies capable of form
ing complexes that fix complement has 
been closely linked to tissue destruction. 
The infrequent occurrence of these anti
bodies in other diseases and the fact that 
one cannot induce antibody formation 
by immunizing animals with double
strand DNA suggest that the immune 
system is normally resistant to recogniz
ing DNA as a foreign antigen. Neverthe
less, circulating B cells with receptors 
for DNA antigen were found in normal 
individuals, and more such cells were 
found in SLE patients, by Arthur D. 
Bankhurst and Ralph C. Williams, Jr., 
of the University of New Mexico School 
of Medicine. It would seem that clones 
of cells capable of producing antibod
ies against this particular self-antigen 
have somehow escaped, in SLE pa
tients, from the system of checks and 
balances that normally modulates the 
immune system. 

How might that happen? Several pos
sible explanations are suggested by 

studies of cellular immune mechanisms. 
Both SLE patients and a strain of mice 
that develop a disease resembling as
pects of SLE are deficient in suppressor
T-cell function. Suppressor-cell func
tion decreases with age in mice with an 
SLE-like syndrome; the decrease is as
sociated with enhanced production of 
anti-DNA antibodies and with a viru
lent form of glomerulonephritis. Alfred 
D. Steinberg, Anthony S. Fauci, M. Eric 
Gershwin and Thomas A. Waldmann of 
the National Institutes of Health have 
presented particularly convincing evi
dence for suppressor-cell defects and in
formation on the functioning of B cells 
in both mice and human SLE patients. 

In man the level of antinuclear auto
antibodies has been shown to increase 
with age, perhaps as a result of reduced 
suppressor-cell function; no symptoms 
have been attributed to the increase. It 
has been suggested that certain anti
bodies against T cells demonstrable 
both in man and in mice contribute 
to suppressor-cell abnormalities. Peter 
Wernet and Kunkel have demonstrated 
antibodies that interact with T cells and 
inhibit proliferation of the T cells. Such 
inhibition, if it affects suppressor cells 
in the body, could tend to free antibody
producing B cells from suppression. 
Robert S. Schwartz of the Tufts Univer
sity School of Medicine has recently re
ported suppressor-cell abnormalities in 
the families of SLE patients. It is possi
ble, on the other hand, that some factor 
such as interaction with circulating im
mune complexes could cause helper T 
cells to proliferate and so induce more 
antibody production by B lymphocytes. 

Data from long-term studies of "SLE 
dogs" by Schwartz and Robert M. Lewis 
suggest that both genetic and environ
mental factors are involved. These dogs 

TISSUE SPECIMENS representing four stages of kidney disease show the structural changes 
revealed by histological staining (left) and the localization of immune complexes by fluores
cence microscopy (right). The structurally and functionally normal glomerulus from a biopsy 
(top left) has irregular strandlike deposits of immune complexes in mesangial areas (top right). 
A glomerulus from a patient with focal kidney disease (second from top) manifests irregular 
thickening of the membrane and some fusion of capillary tufts; irregular granular deposits of 
complexes are bound in the capillary walls. In membranous disease (third from top) there is in
creased thickening of the membrane (left) and "wire loop" deposits are observed (right). In dif
fuse disease (bottom) severe structural damage (left) and a massive buildup of immune depos
its (right) can combine to ohliterate normal architecture of glomerulus and disrupt filtration. 
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SIZE OF COMPLEXES was related to antibody response and disease level in rabbits by Fred
erick G. Germuth, Jr., of the Johns Hopkins University School of Medicine; properties of the 
complexes were studied in the author's laboratory. Given a constant level of injected antigen, 
the pathology seen in eight rabbits (a) was related to the amount of antibody formed by each 
animal (b). A precipitin test (done in the laboratory by adding increasing amounts of antigen to 
a constant quantity of antibody) shows how the amount of precipitated (insoluble) immune 
complexes varies with the antibody-antigen ratio (c). The curve is interpreted by the bars (d): 
the amount of precipitate increases until the antigen is at equivalence (E) with antibody, then 
decreases. Complexes vary in ability to fix complement, a major determinant of toxicity (e). 
The size of the complex, which is related to the antibody-antigen ratio If), affects the site of 
deposition (g). Very large complexes (A, B) tend to be disposed of by mesangial cells and cir
culating phagocytes; complexes with a molecular weight of about 500,000 «(') are deposited 
along the glomerular membrane and lead to significant kidney disease; very small complexes 
(D) either recirculate or are filtered into the urine without causing any damage to kidney tissue. 
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develop a syndrome with remarkable 
similarities to human SLE, including the 
characteristic rash and the presence of 
specific antibodies in the serum. After 
sustained inbreeding, however, some of 
the dogs show the serum abnormalities 
without any evidence of clinical disease, 
as is often the case in relatives of human 
SLE patients. Lawrence E. Shulman of 
Johns Hopkins has concluded from his 
analysis of SLE patients' families that 
there is clear evidence for both genetic 
and environmental influences. 

If both a genetic predisposition and 
an auxiliary precipitating factor are 

prerequisites for the development of 
clinical SLE, what might such an auxil
iary factor be? Several drugs have been 
associated with an increased incidence 
of antinuclear antibodies. In particular 
procainamide (given to treat cardiac ar
rhythmia) and hydralazine (for hyper
tension) induce antibodies against single
strand DNA, nucleoproteins and possi
bly other nuclear antigens; prolonged 
administration of procainamide gives 
rise to an SLE-like syndrome in about 
a third of the recipients. The drug-in
duced symptoms are self-limiting, end
ing when the drug is withdrawn, and 
rarely include kidney changes or anti
bodies against double-strand DNA. 

As an experimental model, however, 
drug SLE provides an opportunity to 
study mechanisms by which autoanti
bodies are induced. For example, pro
cainamide and hydralazine are metab
olized by acetylation, and Marcus M. 
Reidenberg and Dennis E. Drayer of 
Cornell found the drugs' effects to be 
most pronounced in "slow acetylators": 
people who have a reduced level, ge
netically determined, of the acetylating 
enzyme. Robert G. Lahita, Reidenberg, 
Drayer and I showed that patients given 
an acetylated analogue of procainamide 
instead of the usual form of the drug 
develop the autoantibodies more slowly 
and in smaller amounts. So far there is 
no evidence implicating any drug or oth
er chemical agent as a factor precipitat
ing SLE itself, but the possibility needs 
to be investigated. 

An association with estrogenic hor
mones is suggested by several observa
tions. SLE occurs primarily in women 
during their reproductive years, when 
the estrogens are at peak levels; tak
ing estrogenic oral contraceptives some
times exacerbates the disease; men rare
ly develop SLE, but the disease is seen 
more often in men with the rare congen
ital condition called Klinefelter's syn
drome, who have two X chromosomes 
and a Y chromosome and have ab- . 
normal estrogen metabolism. Norman 
Talal of the University of California 
School of Medicine at San Francisco 
and his colleagues have shown that the 
severity of mouse SLE is reduced in fe
male mice deprived of estrogen (by re
moval of the gonads) or given male hor-
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mones, and that the disease is exacer
bated in male mice that are castrated or 
given estrogens. Recent studies by La
hita, Kunkel and Jack Fishman have 
demonstrated abnormally high levels 
of certain estrogen metabolites in both 
male and female SLE patients. 

The sensitivity to sunlight generally 
manifested by SLE patients implicates 
ultraviolet radiation as a possible factor. 
Skin lesions tend to appear on parts of 
the body exposed to the sun; occasional
ly the systemic symptoms are exacerbat
ed. Ultraviolet irradiation can alter the 
strands of the DNA double helix. Some 
of the abnormal structures, such as thy
midine dimers (in which two of the 
DNA's constituent nucleotide bases are 
linked), have been shown to serve as im
munogenic epitopes in experimental an
imals. Ultraviolet irradiation might en
hance the immune response and disrupt 
the natural tolerance of DNA. These hy
pothes�s are not proved but are reason
able extensions of the available data. 

The role of viral infection in SLE has 
been the subject of considerable specu
lation and investigation, with major in
terest centering on the role of RNA vi
ruses of the C type. Viral proteins have 
reportedly been observed in SLE tissues, 
but their significance is not yet clear. Vi
ral infection might well be not a precipi
tating factor but rather the result of an 
immune deficiency or of suppression of 
the immune response by drugs given to 
treat SLE; viral genetic material might 
be incorporated in human tissues with
out actually producing new virus parti
cles and without affecting the develop
ment of SLE. Circumstantial evidence 
for an infectious causation has been 
presented by Raphael J. DeHoratius 
and Ronald P. Messner, who were then 
working at the University of New Mex
ico School of Medicine; they reported 
an increased incidence of certain anti
lymphocyte antibodies in household 
contacts of SLE patients who were not 
blood relatives. Studies by Schur, Kun
kel and me and by Talal of antibodies 
that react with RNA have also raised 
the possibility that viral antigens may 
be involved; it is hard, however, to ex
clude the role of cellular rather than vi
ral antigens. 

It is clear that the mechanisms of tis
sue injury in SLE have so far been more 
clearly established than any causative 
factor. The most one can say about 
etiology is that the disease probably 
arises from an interplay of genetics and 
a factor or factors such as drugs, hor
mones and viruses. Further progress 
toward understanding the cause of SLE 
will require better understanding of nor
mal immune functions. 

The increasing ability of physicians to 
diagnose SLE at an early stage, the 

clarification of mechanisms of tissue in
jury and the enhanced ability to assess 
disease activity through blood testing 
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NATURE OF COMPLEXES associated with severe kidney disease was established (a) by ex
amining autopsy specimens of glomeruli and of cryoglobulin: a serum fraction, mainly con
taining immune complexes, that forms a gel-like precipitate at low temperature. Certain anti
bodies were found to be present in the glomeruli and cryoglobulin in much higher concentra
tion than in the serum, indicating that they had tended to form immune complexes. The table 
shows, for each of three antibodies, the proportion of cases in which this preferential concen
tration was more than fiftyfold. Further evidence of immune-complex localization in glomer
uli was obtained (b) by dissociating antibody from complexes in kidney sections, adding labeled 
anti-DNA antibody and noting its binding to DNA antigen in same sites as antibody deposits. 

have led to improved methods of treat
ment that mitigate symptoms, particu
larly for kidney manifestations. More 
than 90 percent of the patients are alive 
five years after developing SLE, com
pared with 50 or 60 percent 2 5  years 
ago. Better diagnosis has also made it 
clear that the disease is much more prev
alent than it was thought to be. 

Studies of the immunology of SLE 
have made basic contributions to our 
knowledge of how immune agents in
j ure tissue. Evidently in SLE something 
has gone awry in the immunological 

ecosystem; the fragile symbiosis of its 
various intercomm unicating elements
B cells, T cells, antibodies, complement 
components and others-has been dis
turbed. Investigation of the immune sys
tem's disordered functioning in SLE 
should help to clarify the "language" 
whereby these elements normally com
municate with one another. It should 
also lead to a more precise understand
ing of the immunological aberrations 
in other diseases, such as rheumatoid 
arthritis, multiple sclerosis and chronic 
glomerulonephritis. 

6 1  

© 1980 SCIENTIFIC AMERICAN, INC



Gamma-Ray-Line Astronomy 
Astrophysical processes emit fine-tuned electromagnetic radiation 
at energies even greater than those of X rays. The resulting spectral 
lines can now be detected by instruments on balloons and siltellites 

by Marvin Leventhal and Crawford J. MacCallum 

The nature of the universe has been 
deduced almost entirely from the 
photons, or quanta of electromag

netic energy, that arrive in the VICIni
ty of the earth. Until half a century 
ago astronomers could detect only pho
tons with energies of between 1.5 and 
3 . 5  electron volts: the photons of visi
ble light. Then they began to extend 
the photon energy range downward into 
parts of the infrared and radio regions 
of the electromagnetic spectrum and 
upward into the near ultraviolet. With 
the advent of rockets, high-altitude bal
loons and artificial satellites they were 
able to extend it much farther upward to 
the energy range of photons that cannot 
penetrate the earth's atmosphere: the 
photons of the far ultraviolet, X rays 
and gamma rays. 

Gamma rays are the most energetic 
form of electromagnetic radiation; the 
energy of their photons is measured in 
millions of electron volts (MeV), and in 
principle it has no upper limit. Gamma
ray photons from space were first de
tected some two decades ago. The early 
detectors simply recorded the arrival of 
the photons without being able to ana
lyze their energies, as the photons of 
light are analyzed into spectral lines by 
a spectrograph. Now, however, instru
ments have been developed that can de
tect gamma-ray spectral lines. They are 
beginning to yield information on the 
high-energy processes and objects that 
command the attention of modern as
tronomers, such as supernovas, neutron 
stars and phenomena at the center of 
galaxies. 

Whereas the lines in the optical spec
trum arise from transitions between the 
energy levels of electrons in atoms, lines 
in the gamma-ray spectrum arise from 
transitions between the energy levels of 
atomic nuclei. Consider the nucleus of 
neon 22, which consists of 10 protons 
and 12 neutrons. The nucleus is usually 
in its ground state, or lowest energy lev
el, but it can also occupy excited energy 
levels. If the neon-22 nucleus is in its 
lowest excited state, it will decay to the 
ground state in a few trillionths of a sec
ond. The decay will be accompanied by 
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the emiSSIOn of a gamma-ray photon 
with an energy of precisely 1. 2746 MeV. 
That amount of energy corresponds to 
the difference between the two states. 
The gamma ray is thus the signature of a 
specific nuclear transition. 

The transition can occur as a conse
quence of several different events. In 
one event a nucleus of sodium 22, which 
is radioactive, decays to an excited state 
of neon 22 with a half-life of 2. 6 years. 
Such a decay is thought to be common 
in the aftermath of a nova. In another 
event an energetic subatomic particle 
collides with a neon-22 nucleus in its 
ground state and excites it to a higher 
energy level. In a third event the capture 
of a neutron by a neon-2 1 nucleus leaves 
an excited nucleus of neon 22. In each 
case the subsequent-indeed, the almost 
immediate-decay of the excited nucle
us to its ground state is accompanied by 
the emission of a photon of characteris
tic gamma-ray energy. 

Gamma-ray lines can also result from 
processes that do not involve atomic 
nuclei. One such process is the encoun
ter between an electron and a positron, 
or antielectron. The two have identi
cal properties except for their electric 
charge, which is negative for the elec
tron and positive for the positron. When 
an electron and a positron meet, they 
annihilate each other. Their mass is lib
erated as electromagnetic energy, which 
radiates away from the site of the anni
hilation, usually in the form of two gam
ma-ray photons, each with an energy of 
. 5 1 1  MeV. Electron-positron annihila
tion appears to be a particularly com
mon process near neutron stars and at 
the center of our galaxy. 

A second non-nuclear process that 
gives rise to gamma-ray lines is electron 
cyclotron emission. Electrons moving in 
a magnetic field are subjected to a circu
lar acceleration that makes them radiate 
photons at a characteristic energy. The 
energy is proportional to the strength of 
the field, and so if the field is sufficient
ly intense and uniform, as it may be at 
the magnetic poles of a neutron star, 
the electrons radiate gamma rays. 

The first gamma-ray lines unambig-

uously detected from space were pro
duced by several of these mechanisms. 
They emanated from a giant solar flare 
that occurred in August, 1972, and they 
were detected by Edward L. Chupp and 
his colleagues at the University of New 
Hampshire, who had placed a small 
gamma-ray detector aboard the satellite 
OSO-7 (the seventh Orbiting Solar Ob
servatory of the National Aeronautics 
and Space Administration). The lines in
cluded one at . 5 1 1  MeV, which originat
ed with the annihilation in the solar at
mosphere of positrons produced in the 
solar flare. Another line, at 2.2 MeV, 
originated with the capture of neutrons 
by protons and the emission of a gamma 
ray from each resulting deuterium nu
cleus. Finally, two feeble lines at 4.4 
and 6. 1 MeV originated with the decay 
to their ground states of carbon- 12 and 
oxygen- 16 nuclei that had been raised 
to excited energy levels in the solar at
mosphere by collisions with protons ac
celera ted in the flare. 

In the eight years that have passed 
since those first observations were made 
several research groups, including our 
own at Bell Laboratories and the Sandia 
Laboratories, have been flying gamma
ray telescopes, mostly on balloons but 
sometimes in satellites, in attempts to 
raise the instruments above nearly all 
of the earth's atmosphere and detect 
gamma-ray lines of astrophysical ori
gin. The field is still in its infancy. Here 
we shall review some of its prospects, 
describe a gamma-ray-line telescope 
and give some of the early results. 

Perhaps the most important pros
pect is that of making observations 

that bear on the cosmic synthesis of the 
chemical elements. It is hypothesized 
that the big bang created principally hy
drogen and helium, which are converted 
into heavier elements by nuclear fusion 
in the interior of stars. For nuclei heavi
er than that of iron 56, however, fusion 
does not release energy. A mechanism 
other than fusion in stars must there
fore be invoked to account for the crea
tion of these elements. Specifically, it is 
hypothesized that the intermediate and 
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heaviest elements are produced largely 
in the explosion of stars. 

The details are as follows. A star is a 
sphere of gas in which the heat produced 
by nuclear fusion counters the tendency 
of the gas to fall inward. Eventually, 
however, the star exhausts its nuclear 
fuel. A well-accepted hypothesis main
tains that if the mass of the star is com
parable to the mass of the sun, the star 
contracts gradually until it has approxi
mately the radius of the earth. It is now a 
white dwarf; it has exhausted its nuclear 
fuel and is cooling. If the mass is sub
stantially larger, the star does not con
tract gradually but collapses catastroph-

ically and explodes. It is estimated that 
once every 10 to 300 years one star out 
of the hundreds of billions in a typical 
galaxy reaches this end point in stellar 
evolution, and the light of the explosion 
can outshine the entire galaxy for a peri
od of days or even weeks. It is this event 
that is called a supernova. It leaves an 
expanding scatter of debris, of which the 
best-known example in our own galaxy 
is the Crab Nebula in Taurus. 

The theoretical astrophysicists W. 
David Arnett, Donald D. Clayton and 
Stirling A. Colgate were among the first 
to devise computer models of the nucle
ar reactions that occur in those few ex-

plosive seconds, when the processes of 
stellar nucleosynthesis, which up to then 
may have lasted for billions of years, 
take entirely new paths. Such models 
suggest that the explosion tends to make 
heavier nuclei out of lighter ones. In par
ticular it does seem possible that super
novas have made most of the intermedi
ate and heavy elements in the relative 
cosmic abundances that are observed. 

It would of course be well to put these 
theories to a test, and in principle it can 
be done. Spectral lines at light and X-ray 
energies reveal which atoms are present 
in the debris of a supernova explosion. 
The atoms emitting the radiation, how-

BALLOON LAUNCH at dawn on October 9,1975, sent the authors' 
gamma-ray-Iine telescope aloft on a test flight above Alamogordo, 
N.M. The balloon is attached to a parachute, which is attached to the 
crane at the right, from which a payload is suspended. The base of 
the payload includes a set of crash pads. The cone under the pads 

is ballast. The box at the top of the payload contains electronics. In 
front of the box is a drum of liquid nitrogen for use as a coolant. The 
telescope is between the two and hence cannot be seen. At the end 
of the flight the parachute with its payload is freed from the bal
loon, and the balloon is torn open so that it too returns to the earth. 

63 

© 1980 SCIENTIFIC AMERICAN, INC



ever, may have been part of the star be
fore it exploded, and some of them may 
even have been swept up from interstel
lar space. On the other hand, many of 
the nuclei synthesized in the explosion 
should be radioactive, and the decay of 
such nuclei is accompanied by the emis
sion of gamma rays at signature ener
gies. (A few of the signature emissions 
are at somewhat lower energies and cor
respond to high-energy X rays.) The de
tection of even a single gamma-ray line 
from the site of a supernova explosion 
would therefore represent a major ad
vance in our understanding of how the 
present universe was made. 

A second type of stellar explosion is 
the nova. Novas are much less violent 
than supernovas but much more fre
quent; they flare up perhaps 25 times per 
year per galaxy. They too may make an 
important contribution to nucleosynthe
sis. In the currently accepted hypothesis 
a nova explosion occurs in a binary stel-
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Jr. , suggest a large production of sodium 
22, almost all of which decays to the ex
cited state of neon 22 with a half-life 
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to its ground state, or level of least possible energy. Here tbe nucleus of neon 22 is used to dia
gram tbree ways tbe emission can occur. In neutron capture (top lille) neon 21 becomes neon 
22 in an excited state by tbe addition of a neutron (II). In radioactive decay (secolld alld third 
lilies) sodium 22 becomes neon 22 in an excited state by tbe addition of an electron (e-), usually 
tbe capture of an electron from its orbit in tbe atom, or tbe emission of a positron (e+), wbicb is 
tbe antiparticle of an electron. Tbe latter possibility is tbe commoner of tbe two, but eitber con
verts a proton into a neutron. In collision excitation (bot/olll lille) tbe energy imparted to neon 
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freshly synthesized neon nuclei to their 
ground state. Several months should be 
adequate for astronomers to get a bal
loon-borne gamma-ray telescope aloft. 
Since novas are frequent and one of 
them is therefore likely to be relatively 
close to the solar system, the 1.2746-
MeV line may well be the first gamma
ray line detected from an exploding star. 

The same supernova explosions that 
may contribute to making the inter

mediate and heavy elements sometimes 
leave at the site of the explosion a stel
lar remnant that has approximately the 
mass of the sun compressed into a radi
us of approximately 10 kilometers. The 
density at the center of the remnant is 
calculated to be some 1015 grams per 
cubic centimeter, a value that exceeds 
the density inside the atomic nucleus. 
Indeed, the density is so great that the 
electrons of the atoms are thought to 
have been squeezed into the protons, 
canceling the protons' positive charge 
and making the'm neutrons. The rem
nant is known as a neutron star. 

The youth of such an object is differ
ent from its old age, as far as either is 
known from inferences made by astro
physicists on the earth. Young neutron 
stars that are spinning rapidly are ra
dio pulsars: sources of pulsating electro
magnetic radiation at radio frequencies, 
first detected in the 1960's. The source 
of the energy for the pulsar emissions 
appears to be a steady loss in the neu
tron star's rotational kinetic energy, be
cause in every known pulsar the period 
between successive pulses is observed to 
be slowly increasing. 

The actual mechanism by which the 
rotational energy is converted into the 
observed radiation remains a mystery. 
There are many competing theories. In 
general, however, the neutron star is 
posited to have a magnetic field locked 
into it because the field of the parent star 
is thought to be conserved throughout 
the events that create the stellar rem
nant. Since the remnant is compressed, 
so too is the magnetic field, which there
by attains an enormous strength: it is 
estimated to be 1013 gauss. (The strength 
of the earth's magnetic field is a fraction 
of a gauss.) The remnant star is spinning, 
and so the magnetic field spins too. The 
result is that the magnetic field induces 
an electric field at the surface of the star. 
The electric field pulls charged particles 
from the surface and accelerates them 
to high energies. The trajectories of the 
particles are then bent by the magnet
ic field. The bending of the trajectories 
makes the particles radiate photons. 

The pulsing of the radiation observed 
from the earth is explained by assuming 
that the two poles of the magnetic field 
are not aligned with the neutron star's 
axis of rotation. Hence as the neutron 
star rotates, each pole of the field, where 
the field strength is particularly intense, 
alternately appears and disappears from 
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GAMMA-RAY PHOTON 
(.511 MeV) MAGNETIC FIELD 

TWO NON-NUCLEAR PROCESSES that generate gamma-ray 
lines are diagrammed. In electron-positron annihilation (left) a posi
tron meets an electron, its antiparticle, and the mass of both particles 
is converted into electromagnetic energy, which takes the form of two 
gamma-ray photons, each bearing .511 MeV. In electron cyclotron 

emission (right) an intense and uniform magnetic field (represented 
by dense and parallel field lines) adds a circular motion to the trajec
tory of an electron. The frequency of the circling corresponds to the 
frequency (and hence the energy) of each photon that the electron 
emits. If the frequency is high enough, the photons are gamma rays. 

any given direction of view. The radia
tion from it is thus detected in pulses, in 
what is called the lighthouse effect. 

Why is all of this important for gam
ma-ray-line astronomy? One reason was 
first pointed out by Peter A. Sturrock of 
Stanford University. In most of the ac
cepted theoretical models large fluxes of 
positrons are generated in the magnetic 
field of the neutron star. They are pro
duced in a curious way. The magnetic 
field is so strong that when it bends the 
trajectory of a high-energy charged par
ticle, the particle emits gamma-ray pho
tons. If the energy of such a photon is 
more than 1.022 MeV, then when the 
photon encounters the magnetic field 
it can give rise to an electron-positron 
pair. (The energy of the photon must be 
more than 1.022 MeV because the mass 
of an electron or a positron corresponds 
to .5 1 1  MeV by application of the for
mula E = mc2.) When a positron created 
in this way encounters another electron, 
that pair is in turn annihilated, giving 
rise to gamma-ray photons that contrib
ute a line at .5 1 1  MeV. The detection of 
that sharply tuned radiation should en
able astronomers to place limits on the 
production of positrons by pulsars and 
hence to apply an important constraint 
to allowable pulsar models. 

In a  million years or so even the most 
rapidly spinning neutron star slows 

down. Its life as a radio pulsar is over 
but its old age can still be interesting. 
Hundreds of pointlike X-ray sources 
have been discovered in our galaxy. 
Most are thought to be old neutron stars 
that are accreting matter from compan
ion stars in a binary system. As the ac
creting matter swirls into the gravita-

tional field of the neutron star it is accel
erated to high energies and forms a hot 
accretion disk. The collisions among 
the particles in the disk generate the 
broad spectrum of X rays that is detect
ed from the earth. 

The accreting matter is thought to be 
highly ionized and so to consist most
ly of energetic protons and electrons. 
It might therefore be possible to detect 
gamma-ray lines also, because energetic 
protons that impinge on the surface of 
the neutron star would excite its nuclei, 
and the decay of the nuclei to their 
ground state would generate

' 
gamma

ray photons. From the gamma-ray sig
nature energies the nature of the surface 
of an old neutron star could be inferred. 

A well-established cornerstone of rel
ativity theory holds that a photon loses 
energy as it climbs out of a gravitational 
field, and that its wavelength is accord
ingly increased; in the case of light the 
photon gets redder. The shift is propor
tional to the change in gravitational po
tential energy, which for escape from 
the surface of a star is proportional to 
the mass of the star divided by its radi
us. Since the mass of a neutron star is 
large and its radius is small, its gravita
tional potential is immense, and so is the 
loss in energy of the photons that escape 
from its surface. It is therefore expected 
that all the gamma-ray lines would be 
shifted to lower energies (and longer 
wavelengths) by large amounts. The sur
face red-shift parameter is designated 
Zs. For any given line it is the difference 
between the observed energy per photon 
and the energy per photon that would be 
detected if the radiation had been emit
ted on the earth, expressed as a fraction 
of the observed energy per photon. 

A second line of argument now comes 
in. It was developed independently by 
Kenneth Brecher and by Richard Bow
ers. Several known neutron stars have 
orbits in a binary system that cause them 
to be eclipsed periodically by their com
panion star. For each of these neutron 
stars the interruptions in the X-radia
tion detected on the earth reveal the or
bital period and the eclipse time. Mean
while the orbital motion of the compan
ion star brings it alternately toward the 
earth and away from it, so that its light 
emission is Doppler-shifted. In addition 
the intensity of the light is modulat
ed because the companion star changes 
shape as it responds to tidal forces in the 
neutron star's gravitational field. Taken 
together, these various kinds of evidence 
yield the parameters of the neutron 
star's orbit, and when the orbit is known, 
the mass of the star can be calculated. 

What next affects the argument is 
that neutron stars may in fact con

sist largely of subatomic particles more 
exotic than neutrons. Many different 
possibilities have been detailed in the sci
entific literature, including even quarks, 
and several theorists have pointed out 
that different compositions lead to dif
ferent radii (R) for any given mass (M). 
For any neutron star a determination 
of M and a measurement of Zs, which 
is proportional to M / R, will yield a de
termination of R. That will severely 
constrain the proposals concerning the 
star's composition. Gamma-ray-line as
tronomy therefore leads directly to the 
physics of superdense matter. 

In this connection it may be signifi
cant that a new class of astronomical 
objects has recently been identified. The 
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objects emit enormous fluxes of gamma 
radiation for periods of seconds or min
utes and then the emission stops. Not 
much is known about them yet. Indeed, 
it is not yet known whether they are in 
our galaxy or outside it. The most credi
ble speculation is that the gamma-ray 
bursts are caused by energetic events on 
or near the surface of neutron stars. The 
bursts could occur, for example, if the 
accretion of matter onto a neutron star 
from its companion in a binary star sys
tem occurs episodically. 

On June 10, 1974, a group led by 
Allan S. Jacobson of the Jet Propul
sion Laboratory of the California Insti
tute of Technology commanded a wide
field balloon-borne gamma-ray-line tel
escope to point in the direction opposite 
to that of the center of the galaxy and 
detected a burst of gamma rays that last
ed for 20 minutes. The group interprets 
the burst as being of astrophysical 
origin. Some linelike features seem to 
lie in the spectrum of the burst. It has 
been proposed that they represent sev
eral common mechanisms that generate 
gamma radiation, with the qualification 

that the lines are red-shifted by the same 
proportion to lower energies. For exam
ple, a linelike feature near .4 MeV in the 
spectrum of the burst is interpreted as 
being a .511-MeV positron-annihilation 
line that has been red-shifted by a Z 
of .28. One would be hard pressed to 
name for that region of the electromag
netic spectrum another common nucle
ar transition that might account for the 
line. On the other hand, a value of .28 
for the surface red-shift parameter of a 
neutron star agrees well with theoretical 
calculations. 

An independent observation by ollr 
own group later revealed a possible line 
at .4 MeV when our balloon-borne in
strument was pointed in the same direc
tion. The instrument's field of view was 
large, but it included the Crab Neb
ula and the neutron star at its center. 
More recently Bonnard J. Teegarden 
and Thomas L. Cline of the NASA God
dard Space Flight Center have report
ed the first measurement of the spec
trum of a gamma-ray burst by a high-res
olution satellite-borne instrument. They 
too found some evidence for gravita-
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GAMMA-RA Y SPECTRUM OF HERCULES X-I, a prominent X-ray source, includes two 
gamma-ray peaks, or Iinelike features, at 55 keV (55,000 electron volts) and 110 keV. The line 
at 55 keV is interpreted as the cyclotron radiation emitted by electrons in the intense magnetic 
field of a neutron star: the superdense remnant of a stellar explosion. The line at 110 keV is 
interpreted as a harmonic at twice the cyclotron-emission energy. The data were recorded on 
May 3, 1976, by a balloon-borne instrument launched near Palestine, Tex., by a German group 
led by Joachim Trtimper. The rest of the spectrum, including data at the left (brokell /iI/e), ob
tained by a satellite-borne instrument, is thought to be the upper end of a continuous spec
trum of X rays emitted by atoms colliding in a disk of matter that surrounds the neutron star. 
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tionally red-shifted gamma-ray lif}es. It 
seems quite possible that the tirst gravi
tational red-shift measurements from a 
neutron star are now in hand. 

The electrons impinging on the sur
face of a neutron star present the possi
bility of a further observation becallse 
they have a circular cyclotron motion in 
the magnetic field of the star and there
fore radiate photons. Where the field is 
huge and uniform near the two magnet
ic poles of the star the cyclotron emis
sion might consist of gamma-ray lines. 
[t is a possibility first proposed by the 
Russian astrophysicist Rashid A. Sun
yaev and his colleagues. The detection 
of such lines would amount to a mea
surement of the field strength. It would 
also be proof that the enormous mag
netic fields are really there. 

In May, 1976, a group from the Max 
Planck Institute for Physics and Astro
physics at Garching in West Germany, 
working in collaboration with a group 
from the University of TUbingen, with 
both groups led by Joachim TrUmper, 
sent a balloon aloft above Palestine, 
Tex. It bore an instrument with which 
they obtained a spectrum of the low
energy gamma radiation emitted by the 
slowly spinning X-ray pulsar Hercules 
X-I. The photons at very low gamma
ray energies formed a continuous spec
trum, not a line one, which the investiga
tors interpreted as being the upper end 
of the X-ray spectrum emitted by an ac
cretion disk surrounding the pulsar. A 
Iinelike feature appeared, however, at 
an energy of 55 keY (55,000 electron 
volts). A second linelike feature lay at 
110 keY. Both of them arrived at the 
detector in pulses at intervals of 1.24 
seconds, which is the period of the pul
sar. It is believed they are an electron
cyclotron line, together with a harmonic 
at twice the cyclotron frequency. The 
existence of the 55-keY feature was con
firmed on a second balloon flight and 
again last year by an instrument aboard 
the NASA satellite HEAO-l (the first 
High Energy Astronomical Observato
ry). If it is really a cyclotron line, the 
observation by TrUmper's groups makes 
it possible for the first time to measure a 
neutron star's magnetic field. On this ba
sis the strength of the field of Hercules 
X-I is approximately 5.3 X 1012 gauss. 

Adiffuse emission of gamma-ray lines 
permeates our galaxy and therefore 

is expected to emanate from the plane 
of the Milky Way. Its observation will 
require telescopes more sensitive than 
those in service today. It arises because 
cosmic-ray particles (mostly energetic 
nuclei) collide with the dust grains, at
oms and molecules in interstellar space 
and raise their nuclei to excited energy 
levels. The decay of such nuclei then 
gives rise to the gamma rays. Since the 
dust grain, atom or molecule struck by 
an energetic particle recoils, the nucleus 
is in motion when the gamma-ray pho-
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GAMMA-RAY BURST from a direction in the sky opposite to the 
direction of the center of our galaxy occurred on June 10, 1974, and 
lasted for 20 minutes. Its spectrum is shown here in three different en
ergy regions. Four linelike features rose prominently above the back
ground radiation when the telescope pointed at that part of the sky. 
Two of them, labeled a and b, may represent the creation of gamma
ray photons by the reaction that joins a neutron and a proton to form 
a deuterium nucleus. The offset of feature a to an energy less than that 
of b is explained by assuming that the photons contributing to a were 
produced near the surface of a neutron star and lost energy escaping 
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EPISODIC ACCRETION OF GAS onto a neutron star from its 
companion in a two-star system may have caused the gamma-ray 
burst whose spectrum is shown at the top. In this hypothesis the colli
sions of arriving gas with the gas in a disk that surrounds the neutron 
star give rise to neutrons and positrons. Subsequent events, including 
the capture of neutrons by hydrogen and by iron 56 and the mutual 

from the star's powerful gravitational field. Feature c is attributed to 
electron-positron annihilation, with the energy of the photons also be
ing less than its normal value: .511 MeV. Feature d is attributed to 
the capture of neutrons by the nuclei of iron 56, converting each of 
those nuclei into an excited state of iron 57, which decays to its ground 
state with the emission of a photon. Iron 56 is the stablest atomic nu
cleus, and so in many theoretical models it forms the surface of a 
neutron star. Again the energy of the photons is less than normal. 
The data were collected by a group led by Allan S. Jacobson at the 
Jet Propulsion Laboratory of the California Institute of Technology. 

COMPANION 
STAR 

� 

annihilation of positrons and electrons, then create the photons of 
which the burst consists. The photons emitted at and near the surface 
of the neutron star lose energy when they escape from the gravita
tional field of the star. Letters a through d identify the gamma-ray 
lines that appear in charts at the top. The illustration is adapted from 
one by Richard E. Lingenfelter, J. C. Higdon and Reuven Ramaty. 

67 
© 1980 SCIENTIFIC AMERICAN, INC



04 x 10-4 r-----------------------------------------------------------, 
Z 
o 
() w 
UJ 
ex: 
� 3 X 10-4 
ex: w IW 
:2 
� z t:: 2xlO-4 
w ex: 
« :J 
a UJ 
ex: w 1 x 10-4 Cl-
UJ Z 

§ I Cl-
.505 .506 .507 .508 .509 .510 .511 _512 .513 .514 .515 .516 .517 

ENERGY (MeV) 

GAMMA RADIATION FROM GALACTIC CENTER (or at least a region in the direction 
of the galactic center) includes a Iinelike feature at .511 MeV. The strength of tbe line corre
sponds to the annihilation of 1043 positrons per second. Tbe mecbanism by wbich the positrons 
are produced is not yet known. Tbe cbart summarizes data amassed by the autbors' gamma
ray-line telescope during a balloon flight above Alice Springs in Australia in November, 1977. 

ton is emitted. The result is a Doppler 
shift in the energy of the photon. It is a 
shift to a higher value if the nucleus is 
moving toward the solar system and to 
a lower value if the nucleus is moving 
away. Hence for a group of nuclei that 
are moving in random directions the 
gamma-ray lines are broadened. 

The broadening is proportional to the 
velocities of the nuclei. Thus it is hy
pothesized by Reuven Ramaty, Benzion 
Kozlovsky, Richard E. Lingenfelter and 
others that each gamma-ray line can be 
a combination of three distinct contri
butions. A sharp component of any giv
en line should originate with the emis
sion of photons by the nuclei of atoms in 
the interstellar dust grains, which are 
likely to lose their recoil velocity, and 
then emit the radiation, while they arc 
still inside the grain. The sharp compo
nent of the lines may therefore offer a 
good opportunity to determine the com
position and distribution of the inter
stellar dust. 

A somewhat broader contribution to 
any given line should originate with the 
emission of photons by the nuclei of at
oms that are not confined in dust grains. 
The broader component hence offers a 
good opportunity to determine the com
position and distribution of the inter
stellar gas. To be sure, other kinds of 
astronomy can serve the same purpose. 
In the case of optical astronomy, howev
er, interstellar dust limits observations 
toward the center of the galaxy to a 
distance of only from 10,000 to 13,000 
light-years in a galaxy whose radius is 
more than 3 0,000 light-years. The inter
stellar medium is highly transparent to 
gamma rays. Moreover, light and X-ray 
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photons are emitted by the electrons in 
atoms. Thus the pattern of the emission 
lines is complicated by the chemical 
state of the matter, such as the degree 
to which it is ionized. The fact that 
gamma-ray photons are emitted from 
the nuclei of atoms ensures that their 
spectral pattern is independent of the 
chemical state of the matter. 

Finally, a broad contribution to any 
given line should originate with the 
emission of photons by the cosmic-ray 
nuclei themselves, whose velocities are a 
substantial fraction of the speed of light. 
The broad component therefore offers 
an opportunity to study cosmic rays, 
whose collisions with interstellar matter 
are thought to be responsible for heat
ed regions in the interstellar gas. It also 
is suspected that cosmic-ray collisions 
splitting the nuclei of interstellar atoms 
contribute to the creation of light ele
ments such as lithium and beryllium. 
(One can postulate fusion reactions that 
create those elements in the interior 
of stars, but other reactions consume 
them.) The problem with detecting the 
cosmic rays themselves as they arrive 
at the earth is that the rays interact 
with magnetic fields in the solar system, 
and so the sample arriving at the earth 

may not be representative of the cosmic 
rays in interstellar space. The detection 
of their characteristic gamma-ray-line 
emission would eliminate the problem. 

Still other objects of importance to 
gamma-ray-line astronomy are en

tire galaxies or their central regions. 
Quasars, for example, are thought to be 
young galaxies that are immensely dis
tant from the earth and yet are remark-

ably luminous. Two classes of models 
are invoked in explanation. The models 
in the first class propose that large num
bers of supernova explosions occur at 
the center of quasars. The models in the 
second propose that stars at the center 
of quasars are torn apart by the gravita
tional field of a huge black hole and that 
the stellar matter forms a hot accretion 
disk around it. In the second case one 
would hope to observe the gamma-ray
line emission from collisions in the disk, 
with the lines greatly red-shifted and 
also broadened, each from a line to a 
spectral smear, by the black hole's gravi
tational field. 

Even the center of our own galaxy is a 
mysterious region, partly because opti
cal telescopes cannot reveal its struc
ture. In November, 1977, and again in 
April, 1979, we flew our instrument on 
balloons over Alice Springs in Australia 
in an effort to detect gamma-ray lines 
from the direction of the galactic center. 
In earlier work a group at Rice Universi
ty led by Robert C. Haymes had found 
tantalizing evidence for line emission 
near .5 MeV. In our 1977 flight we de
tected a line precisely at .511 MeV. It 
lay in the midst of a gamma-ray contin
uum. We confirmed the line's existence 
in 1979. It corresponds to the annihila
tion of 1043 positrons per second at or 
near the galactic center. The existence of 
such a line from the galactic center was 
postulated two decades ago by Philip 
Morrison of the Massachusetts Institute 
of Technology, and later by Floyd W. 
Stecker of the Goddard Space Flight 
Center and by one of us (Leventhal). 

The scientific literature abounds with 
suggestions as to how the positrons are 
made. In what is perhaps the leading 
contender among the various hypothe
ses the positrons are said to be a by
product of supernovas. The idea is that 
the decay of radioactive nuclei pro
duced in the stellar explosions releases 
the positrons, which speed away from 
the nuclei with energies of some hun
dreds of thousands of electron volts. 
Thousands of years may pass before a 
positron is annihilated in an encounter 
with an electron. Hence the line ob
served from the earth may represent su
pernova explosions occurring over long 
periods of time. The fact that stars are 
plentiful in the galactic center counts in 
favor of the hypothesis. 

A second possibility is that cosmic 
rays collide with interstellar matter 
and split its nuclei into radioactive nu
clei that emit positrons as they decay. 
The collisions can also yield pi mesons, 
whose decay gives rise to positrons. Re
cent calculations indicate, however, that 
the current values of the flux of cosmic 
rays and of the density of interstellar 
matter fail by two orders of magnitude 
to account for the strength of the .511-
MeV line we detected. That strength is 
great: it is as if the luminosity of the sun 
were multiplied by 10,000 and concen-
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trated at a single electromagnetic fre
quency. 

A third possibility is that the galactic 
center harbors a large number of radio 
pulsars beaming large fluxes of posi
trons into interstellar space. Some ad
ditional possibilities are at present less 
credible. One hypothesis proposes the 
existence of a large black hole at the 
center of the galaxy, with an accretion 
disk around it. Another proposes that 
small black holes were created in great 
numbers in the early universe and that 
by quantum-mechanical processes they 
are, so to speak, evaporating: they are 
radiating their energy largely in the 
form of electron-positron pairs. Perhaps 
the least plausible hypothesis is that in 
the center of our galaxy is a large bulk of 
antimatter. 

The important point, however, is that 
the mechanism by which positrons are 
generated at the center of the galaxy can 
be determined by observations that can 
be made in the coming decade, perhaps 
even in the next five years. It will be 
determined by means of detailed maps 
of the emitting region. If the region is a 
point source, then a black hole is the 
likely emitter. If peaks appear near ra
dio pulsars, then those are the likely 
emitters. In addition many of the hy
potheses require the existence of lines 
besides the one at . 5 1 1  MeV, so that the 
detection of such lines will limit the pos
sibilities. 

The crucial fact about a gamma-ray
line telescope is that photons with 

gamma-ray energies cannot be made 
to reflect from mirrors. They penetrate 
matter and tend to lose some of their 
energy in being scattered, or deflected, 
in encounters with electrons. This kind 
of scattering dictates the design of the 
telescope. At the center of the telescope 
flown by us is a germanium crystal with 
a volume of 13 0 cubic centimeters. In
side it an entering gamma-ray photon 
typically scatters off several electrons in 
succession. The recoil of the electrons 
generates a tiny current whose ampli
tude is proportional to the energy of the 
gamma ray. The gamma-ray photons 
can therefore be detected one at a time. 

Surrounding the central detector is 
400 pounds of sodium iodide with tellu
rium atoms introduced as a dopant. This 
too is a material that is sensitive to gam
ma rays; the collision of a gamma-ray 
photon with an electron causes the elec
tron to recoil and then collide with many 
dopant atoms, and the atoms in turn 
emit pulses of light in the form of pho
tons with optical energies. 

The energy resolution of the germani
um crystal at 1 MeV is approximately 2 
keV. This means that I-MeV photons 
can be detected as a spectral line that 
has a width of 2 keV. The resolution of 
the sodium iodide detector is poorer by 
a factor of approximately 3 0. The sodi
um iodide, however, serves three impor-

tant functions. First, it leaves open a 
channel to the central detector that de
fines the telescope's field of view. Sec
ond, it shields the central detector from 
a strong background of gamma-ray pho
tons generated in the earth's atmosphere 
by cosmic rays arriving from space. 
Third, the pulses of light are amplified 
by photomultiplier tubes and are then 
used to veto the detection of those gam
ma-ray photons that scatter ou of the 
germanium crystal and into the sodium 
iodide. Such a photon leaves some of its 
energy in both materials, so that the cur
rent in the central detector is not pro
portional to the true energy of the ray. 

In the course of a balloon flight lasting 
for one to two days our telescope is 
commanded by a ground-based teleme
try station to point in a certain direction. 
If the telescope is tracking an emitter of 
gamma radiation, each square centime
ter of the central detector's surface may 
receive a single gamma-ray photon of 
astrophysical origin once every several 
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minutes. The chances are better than 
even, however, that the photon will scat
ter out of the central crystal. The detec
tion of the photon will therefore be ve
toed by the almost simultaneous pro
duction of light in the surrounding 
shield. Slowly, then, the central detector 
accumulates a spectrum of gamma-ray 
counts plotted against photon energy. 
A t the end of the flight the telescope is 
cut free from the balloon at an altitude 
of some 40 kilometers and is returned to 
the ground by parachute. 

I t appears to us that ba,Iloon-borne 
experiments will continue to be im

portant in gamma-ray-line astronomy. 
For one thing, large fluxes of energetic 
particles are present in radiation belts 
at the altitudes to which satellites 
are launched. The particles generate a 
strong gamma-ray background. More
over, balloon-borne experiments are 
less expensive and quicker to do than 
satellite-borne experiments. From the 

COPPER COLD 
FINGER 

GAMMA-RA Y -LINE TELESCOPE flown by the authors and their colleagues consists of a 
detector inside a detector. At the center is a germanium crystal, in which an arriving gamma
ray photon is scattered by electrons. The recoil of the electrons gives rise to a pulse of electric 
current. The germanium is cooled by a copper "cold finger," which in turn is cooled by liquid 
nitrogen; otherwise a current that flows spontaneously would swamp the current generated by 
a gamma ray. Surrounding the central crystal are blocks of sodium iodide doped with a small 
impurity of tellurium atoms. Here an arriving gamma-ray photon is absorbed by an electron, 
wbicb collides witb atoms of the dopant. Light emitted by tbe atoms is amplified by photomul
tiplier tubes. Details of the detection of a gamma ray are in the illustration on the next page. 
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a 

SODIUM IODIDE 

b 

GERMANIUM 
CRYSTAL 

y' 

GAMMA-RA Y PHOTONS ARE DETECTED one at a time by the authors' gamma-ray
line telescope. In a an arriving photon (y') is scattered repeatedly but remains in the central 
germanium crystal. The motion of the electrons off which it scatters gives rise to an electric cur
rent that accurately represents the energy of the photon. In b an arriving photon is scattered 
into the surrounding sodium iodide, where it causes emission of light. The photon leaves only 
part of its energy in the central crystal; hence matters are arranged so that its detection is vetoed 
by a signal resulting from the flash of light in the sodium iodide. Event b is commoner than a. 

70 

moment it is proposed to the moment it 
starts to generate data a satellite-borne 
experiment takes from five to 10 years 
and costs tens of millions of dollars. A 
balloon-borne experiment may take less 
than two years and cost less than $ 1  mil
lion. Finally, balloons are an excellent 
testing ground for future satellite instru
ments. On the other hand, satellites stay 
aloft for long periods of time and accu
mulate a large body of data. 

A network of satellites has now been 
established that is capable of precisely 
determining the direction of gamma
ray bursts by triangulation. On March 
5, 1979, the most energetic gamma-ray 
burst so far was detected by the network 
and localized in the center of the debris 
of a supernova explosion in the Large 
Cloud of Magellan, a satellite galaxy of 
our own. A spectrum of the burst was 
obtained by E. P. Mazets and his col
leagues at the A. F. Ioffe Physical-Tech
nical Institute in Leningrad. It includes a 
linelike feature at .4 MeV: the energy of 
a red-shifted positron-annihilation line. 
The location of the burst and the detec
tion of the line strongly suggest that 
what underlies gamma-ray bursts are in
deed neutron stars. 

Last fall NASA launched the satellite 
HEAO-3. It carries a gamma-ray tele
scope consisting of fOUf germanium de
tectors in a cesium iodide shield. The 
instrument, which was built by a group 
at the Jet Propulsion Laboratory led by 
Jacobson, is designed to operate for a 
year and scan most of the sky for sharp 
gamma-ray lines with a sensitivity as 
great as 10-4 photons per second per 
sq uare centimeter of detector surface. 
The instrument is functioning properly, 
but it is too early for any results to have 
been reported. 

NASA is now planning to launch the 
Gamma-Ray Observatory satellite in 
the mid-1980's. The satellite will carry 
five gamma-ray-sensitive instruments, 
of which three will be broad-spectrum 
telescopes and two, a germanium-based 
telescope designed by Laurence E. Pe
terson's group at the University of Cali
fornia at San Diego and a sodium io
dide-based telescope designed by James 
D. Kurfess' group at the Naval Research 
Laboratory, will search for gamma-ray 
lines. Peterson's group includes workers 
at Bell Laboratories, the Goddard Space 
Flight Center, the Jet Propulsion Labo
ratory, Sandia Laboratories and two 
French institutions: the Saclay Nuclear 
Research Center and the Center for 
Cosmic Ray Studies at Toulouse. Kur
fess' group includes workers at North
western University, Rice University and 
the Royal Naval College in Britain. The 
instruments should scan most of the sky 
during the projected two-year life of the 
venture and achieve line sensitivities 
of \0-5 photons per second per square ' 

centimeter. With the launching of that 
observatory gamma-ray-line astronomy 
will have come of age. 
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How to make a useful black hole. 
No matter how black the blackest 
ink that can be laid down on a 
magazine page, it cannot come even 
close to the blackness of this thing. 
Anybody who knows how to make 
a blacker black ought to publish a 
paper on how to do it. Until that 
happens we know of nothing in the 
world that's blacker. Not only is it 
black in the visible and the UV -as 
black as the blackest known alter
native in the visible-but it is blacker 
than anything else we have ever 
heard of out to 2.5 11m in the 
infrared, where few things are really 
very black. 

If you need something that black, 
we tell you how to make it yourself. 
We sell the principal component, 
which happens to be the whitest 
known white. Needs for the whitest 
of whites and the blackest of blacks 
both occur in spectrophotometry 
and radiometry, among other 
endeavors. They serve as standards 
against which samples are measured. 
When measuring reflectance of a 
sample with considerable transmit
tance in the infrared, the depar
ture from blackness in the backing 
can introduce significant error. The 
light trap pictured above shows the 
following reflectances: 

A in �m 0.35 0.5 1.0 1.5 2.0 2.5 
reflectance .0004 .0004 .0006 .00075 .001 .001 

Extreme diffusivity, nonselectiv
ity, stability, and ruggedness are, of 
course, the basis of success in achiev
ing useful blackest blacks and 
whitest whites. KODAK White 
Reflectance Coating is applied by 
the KODAK Laboratory Sprayer for 
high-viscosity use to an aluminum 
disk. Result is a spectral reflectance 
from 0.2 11m to 2.5 11m higher than 
that of the old whitest white, magne
sium oxide smoke. To make the 
new blackest black, we apply the 
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KODAK White Reflectance Coating 
to the inside of a baffled light-trap 
and overspray when dry with ultra
flat black enamel. The light-trap 
might be fabricated like this: 

11 
35 
mm 

1 

But you'll have to do it, not we. 
KODAK White Reflectance Coating 
is sold by lab supply houses handling 
KODAK Laboratory Chemicals as 
CAT No. 6080, the sprayer as CAT 
No. 13270. 

Our interest in standards for 
optical radiation measurements runs 
deeper than promoting the sale of 
these two products, as you can ·see 
when you look at the title page of 
the new "Optical Radiation Mea
surements," Vol. I, recently pub
lished by Academic Press, III Fifth 
Avenue, New York, N.Y. 10003. 

1880 • 1980 
fi lOO-y€ar start on tOl1\9rrow 
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SCIENCE AND THE CITIZEN 
Identity Crisis 

T
he neutrino is the nearest thing to 
nothing, being distinguished from 
the other elementary particles of 

matter mainly by what it does not have 
and what it does not do. The traditional 
theory of the neutrino describes it as a 
particle without mass and without elec
tric charge. It interacts with matter only 
through the weakest of the basic forces 
of nature, and those interactions are so 
rare that a stream of neutrinos can pass 
through the earth with negligible at
tenuation. The earth moves in a thick 
soup of neutrinos (there are estimated 
to be about 100 per cubic centimeter 
throughout the volume of the universe), 
but they are such ephemeral particles 
that they almost never leave any trace 
of their passage. 

This description of the neutrino may 
soon have to be revised in a small but 
crucial detail. Serious consideration is 
being given to the possibility that at least 
some types of neutrino have mass. The 
quantity of mass per particle would be 
minuscule, but the actual value is in 
some ways less important than the mere 
fact that it is different from zero. Since 
neutrinos are so numerous, even a small 
mass could drastically alter the large
scale structure of the universe. 

The recent speculations onJhe neutri
no mass have to 00 with the search for 
the bizarre phenomenon called neutrino 
oscillations. For almost 20 years it has 
been well established that there are at 
least two flavors, or kinds, of neutrino; 
one flavor can appear only in associa
tion with an electron and the other is 
always created together with a muon. 
More recently a third neutrino flavor 
has been added to accompany the new
ly discovered tau particle, which is a 
massive sibling of the electron and the 
muon. The flavors have seemed immu
table, so that an electron-type neutri
no could never be transformed into a 
muon-type neutrino. It is just such trans
formations 'that would be allowed by 
neutrino oscillations; indeed, a single 
neutrino would change its identity con
tinuously and repeatedly as it moved 
along its trajectory. 

In order to understand the mecha
nism of the hypothetical oscillations it is 
necessary to describe the neutrino as a 
wave. The intensity of the wave at any 
point gives the probability of finding the 
particle at that point. In the traditional 
theory each flavor of neutrino has its 
own independent wave, and there can be 
no mixing of the waves associated with 
the different neutrino types. The possi
bility of oscillations is introduced when 
a single neutrino is represented as a su
perposition of waves of all three types. 
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The flavor of the neutrino at any point 
is then determined by the relative am
plitudes of the three components. If all 
three components have the same am
plitude, the neutrino is equally likely to 
take on any of the three flavors. 

Even when a neutrino is represented 
as a superposition of waves, the identity 
of a given neutrino would still remain 
stable indefinitely as long as all three 
components moved with the same ve
locity. The relative phases of the three 
waves would then be the same at all 
points. Oscillations would arise only if 
the components moved with different 
speeds, so that the phases changed con
tinuously and1irst one component dom
inated the amplitude and then anoth
er. The phenomenon is similar to the 
"beats" that can be heard when two 
sound waves of slightly different fre
quency are superposed. 

According to the special theory of rel
ativity, a particle whose mass is exactly 
zero must always move with the speed 
of light, whereas a massive particle can 
never quite attain the speed of light. It 
follows that neutrinos cannot oscillate if 
all of them are perfectly massless. Con
versely, the observation of neutrino os
cillations would imply that at least one 
neutrino type has a nonzero mass. Noth
ing about the oscillations would fix the 
actual value of the mass, but from the 
frequency or wavelength one could de
duce the mass difference between the 
types. 

The possibility of neutrino oscilla
tions was first proposed in 1963 (only a 
year after the existence of distinct neu
trino types was established) by the Japa
nese physicists M. Nakagawa, H. Oko
nogi, S. Sakata and A. Toyoda. Five 
years later a similar idea was proposed 
independently by Bruno Pontecorvo, an 
Italian-born physicist who lives in the 
U.S.S.R. For a decade the hypothesis re
mained an intriguing one, but no con
certed effort to search for the oscilla
tions was undertaken. Skepticism about 
the existence of oscillations was only 
one impediment; even if they did exist, it 
seemc<d doubtful that a practical experi
ment could detect them. A recent reviv
al of interest stems largely from work 
proceeding on "grand unified" theories 
of the interactions between elementary 
particles. In these theories, which are 
still speculative, it becomes not only 
plausible but also likely that neutrinos 
have a small mass. 

An observation that might repre
sent evidence for neutrino oscillations 
has been reported by Frederick Reines, 
Henry W. Sobel and Elaine Pasierb of 
the University of California at Irvine. 
It was Reines, together with Clyde L. 
Cowan, Jr., who first detected the neutri-

no in the 1950's; the definitive experi
ment employed a nuclear reactor at the 
Savannah River Plant in South Caroli
na. In the search for neutrino oscilla
tions Reines and his colleagues returned 
to the Savannah River installation. The 
recent experiment relied on a detector 
whose neutrino-sensitive medium is 268 
kilograms of exceptionally pure deuteri
um oxide, or heavy water. Instruments 
for detecting the products of neutrino 
interactions are placed in the heavy wa
ter, and the entire apparatus is sheathed 
in lead and cadmium to screen out parti
cles other than neutrinos. 

The idea underlying the experiment is 
to simultaneously monitor two separate 
kinds of neutrino interaction. One proc
ess, called a neutral-current event, can 
be initiated by any flavor of neutrino; 
the other process, a charged-current 
event, can be instigated only by an elec
tron-type neutrino (or, to be more pre
cise, by a,n electron-type antineutrino). 
In a nuclear reactor neutrinos are gener
ated by the beta decay of unstable nuclei 
among the fission products of uranium, 
and they are exclusively antineutrinos 
of the electron type. Hence in the ab
sence of oscillations all the neutrinos 
reaching the detector from the reactor 
should be electron-type antineutrinos 
and the two measured processes should 
both indicate the same flux of particles. 
Oscillations would change the flavor of 
some of the neutrinos, with the result 
that the rate of charged-current events 
would be reduced. The neutral current 
events, however, being induced equally 
by all three neutrino types, would be un
affected by the oscillations. 

The experiment has lasted for some 
three years, and data are still being re
corded. Reines and his colleagues inter
pret these data as showing that the ratio 
of charged-current events to neutral
current events is less than half the ex
pected ratio. If oscillations are the ex
planation of the discrepancy, they imply 
that the electron-type neutrino and the 
muon-type neutrino differ in mass (or 
in the energy equivalent of mass) by 
roughly one electron volt. An analysis 
of some older data, recorded at a dif
ferent distance from the reactor core, is 
consistent with this result. 

Reines emphasizes that there are a 
great many uncertainties associated with 
the experiment, and that it cannot stand 
as a discovery of neutrino oscillations 
unless it is supported by independent 
observations. The main difficulties can 
be traced to the abundance of neutri
nos and to the rarity of their interac
tions. The reactor at Savannah River 
emits some 1013 neutrinos per square 
centimeter per second, but they are so 
reluctant to interact with matter that 
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How can you earn more 
from your stocks than 
they earn on their own? 

Merrill Lynch says, 
consider your options. 

Right. Options. Stock options. 
You can earn extra income on 

stocks you own-<>n top of your divi
dends-by selling options on the 
stock. The option buyer pays you a 
premium that gives him the right, for 
a given period of time, to buy the 
stock at a predetermined price. 

You can use options as partial 
protection against a market decline, 
or for leverage in buying additional 
shares at advantageous prices. 
Obviously, options don't guarantee a 
profit; but they can be a big help in 
a wide range of investment strategies. 

And that accounts for part of 
the reluctance of many investors to 
investigate options: their very versa
tility implies complexity. But that's 
not always the case. 

Actually, the hardest part of 
understanding options is the element 
of time. Unlike stocks, options expire. 
So you can't just put your money into 
them and leave it there to grow. 
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A breed apart 
Timing is crucial. You have to 

know the market and constantly mon
itor both the options and the underly
ing stocks. 

That's something Merrill Lynch 
is well equipped to help you do. 
Merrill Lynch specialists work exclu
sively on the options needs of our 
retail customers. They keep an eagle 
eye on the market. They generate 
actionable ideas and timely informa
tion. Each day the market is open, 

they wire every Merrill Lynch office 
an Options Analysis Report featur
ing opinions on the most overvalued 
and undervalued options of the day. 

And, most important, our 
options specialists are instantly acces
sible to your Merrill Lynch Account 
Executive to answer your questions 
on options and help develop your 
portfolio strategy. 

Options may or may not be 
suitable for you. But if you're willing 
to explore new avenues of invest
ment, you may find they give you just 
the flexibility you've been looking 
for. Find out more about the rewards 
and risks from "The Merrill Lynch 
Guide to Writing Options" and the 
prospectus of the Options Clearing 
Corporation. 

We'll send you both if you call 
toll-free 800-223-1910 (in New York 
State, call 800-522-5605). Or visit 
your local Merrill Lynch office. 

And find out just what your 
options are. 

� MerriU Lynch 
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Introducing the high performance Radial T/A 

that adds elegance and 
superb handling to magnificent machines. 

From BFGoodrich� The Mark™TI A®radial. 
The newest member of America's first family in 

high performance radials. The ones more people 
buy than any other. 

With The Mark TIA, you possess more than 
an elegant radial. Its appearance complements 
any quality machine. You ride with the assurance 
of superb handling, tough durability, straight 
tracking, and a tread designed to offer excellent 
wet traction. 

The DuroGard ® folded belt system wraps 
The Mark TI A radial in a network of strength, 
while the dual compound tread resists heat 

build-up and provides a commanding grip on 
the road. 

Ride TI A radials. Ride number one. 

USA T/A 
BFGoodrich 

#11N HIGH PERFORMANCE RADIALS. 
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only about 80 events per day result
ing from the reactor flux were detect
ed. This small signal had to be extract
ed from an extraneous background of 
about 400 events per day attributed to 
neutrinos from other sources. 

A number of other recent experiments 
also bear on the question of the neutrino 
mass, and in sum they suggest the issue 
is far from being settled. Since last fall 
a group of physicists from the Califor
nia Institute of Technology, the Laue
Langevin Institute in Grenoble and 
the Technical University of Munich has 
been measuring the spectrum of neutri
nos emitted by a research reactor at the 
Laue-Langevin Institute. The character
istic signature by which the neutrino 
interactions are detected is somewhat 
different in this experiment, but the 
measurement should be sensitive to any 
vacillations in neutrino type. Felix H. 
Boehm of Cal Tech reports that no evi
dence of oscillations has been perceived. 

Three quite different experiments that 
in retrospect seem to have a close con
nection to the reactor studies have been 
carried out at the European Organi
zation for Nuclear Research (CERN) 
in Geneva. Called beam-dump experi
ments, they measured the relative num
bers of electron-type and muon-type 
neutrinos presumably created in the de
cay of short-lived particles called D me
sons. Earlier investigations of the D 
mesons had shown that the two neutri
no types are produced with equal like
lihood in these decays, but the beam
dump experiment registered twice as 
many muon-type neutrinos. This result 
came as a surprise when it was report
ed a year ago, and it remains somewhat 
enigmatic today. Neutrino oscillations 
are a possible explanation, but there are 
also several others. 

Another puzzling result has recently 
been announced by E. T. Tretyakov and 
his colleagues at the Institute of The
oretical and Experimental Physics in 
Moscow. Tretyakov's experiment did 
not concern neutrino oscillations but 
looked instead at another phenomenon 
that could reveal evidence of a neutrino 
mass. The experiment measured the en
ergy spectrum of neutrinos emitted in 
the decay of tritium, the radioactive iso
tope of hydrogen. If the electron-type 
neutrino had mass, this spectrum would 
have a deficiency at the highest energies 
observed; Tretyakov has reported find
ing such a deficiency. The result implies 
that the electron-type neutrino has a 
mass on the order of 10 electron volts. 
The details of the work, however, are 
not yet widely known among physicists 
outside the U.S.S.R. 

Another search for oscillations has 
been carried out by Lawrence R. Su
lak of Harvard University and his col
leagues from Harvard and the Brookha
ven National Laboratory. The neutrinos 
were obtained as secondary decay prod-

ucts from the beam of the proton syn
chrotron at Brookhaven, which was run 
at exceptionally low energy in order to 
ensure that only muon-type neutrinos 
would be created. Data were recorded 
for several months ending last Novem
ber, but the analysis of the data is not yet 
complete. Sulak estimates that the ex
periment is 10 times more sensitive than 
earlier ones. 

Ten electron volts represents a very 
small mass; the lightest particle known 
to have a nonzero mass is the electron, 
and its mass is 511,000 electron volts. 
Even the smallest measurable neutrino 
mass, however, would have far-reaching 
consequences not only for the physics of 
elementary particles but also for astro
physics and cosmology. For example, 
the oscillations (if they exist) might re
solve a long-standing controversy over 
the nuclear chemistry of the sun. For 
more than a decade Raymond Davis, 
Jr., and his colleagues at Brookhaven 
have been operating a mammoth neutri
no detector deep in a mine shaft in order 
to measure the flux of neutrinos from 
the sun. The observed flux has consis
tently fallen short of expectations by 
a factor of three. The detector in the 
Davis experiment is sensitive only to 
electron-type antineutrinos, and so os
cillations could offer an alternative ex
planation. If the emitted electron-type 
antineutrinos oscillated to yield equal 
proportions of the three neutrino types 
before they reached the earth, only one
third of the expected number would be 
registered by the detector. 

Since neutrinos are so abundant, the 
discovery of even a small neutrino mass 
could more than double the total mass 
of the universe. The doubling would in 
turn substantially alter the gravitational 
interactions of matter in galaxies. Sky 
surveys have suggested that most galax
ies are members of clusters; curiously, 
however, the apparent mass of the gal
axies, estimated from the number of 
stars and the amount of gas and dust 
present, seems 10 times too small to 
hold the clusters together. An alI-per
vading sea of neutrinos with a mass of 
about 10 electron volts might account 
for the cohesion of the clusters. 

On a still larger scale a neutrino mass 
would influence the overall evolution 
of the universe. Estimates of the visi
ble mass of galaxies and intergalactic 
matter suggest that the universe has an 
"open" structure, meaning that the ex
pansion observed now will continue in
definitely. A large enough neutrino mass 
could eventually halt the expansion and 
then reverse it in a great collapse. 

The consequences of a neutrino mass 
will remain idle speculation until it is 
definitely established that the mass is 
not zero. The result of Sulak's search at 
Brookhaven should be announced with
in a few months, and it might allevi
ate some of the confusion. Several fur-

ther experiments now in preparation are 
aimed at settling the question. 

Reines and his colleagues are install
ing a new detector at the Savannah 
River reactor. The detector and all its 
shielding will be on wheels so that mea
surements can be made at various dis
tances from the reactor core. If the 
wavelength of the neutrino oscillations 
is only a few meters, as Reines' earlier 
results suggest, it should be possible to 
observe peaks and troughs in the com
ponents of the neutrinos simply by mov
ing the apparatus. Similarly, the group 
now working at the Laue-Langevin In
stitute will move to a more powerful re
actor this summer and will make mea
surements at varying distances, and the 
CERN beam-dump experiments will 
also be repeated with more sophisticat
ed detectors in new positions. 

At Brookhaven a detector for a new 
search is being assembled by a group 
from the University of Pennsylvania, 
Brown University, Brookhaven and Ja
pan. The working medium will be 150 
tons of a liquid that scintillates when 
a charged particle passes through it. A 
still more ambitious plan for the Brook
haven neutrino beam has been proposed 
by Sulak and workers at the University 
of Michigan. Seven detectors would be 
buried in the path of the underground 
beam at various distances of up to a kil
ometer from the source. Each detector 
would be a vat holding some 200 tons of 
ultrapure water. 

Social Invention 

A
"new social invention" developed 
on the Lower East Side of Manhat

tan in New York City gives promise of 
integrating the fragmented social, med
ical and income-maintenance services 
made available to families in trouble by 
governmental and voluntary agencies, 
and doing so in behalf of a particular 
objective that has long been underem
phasized: strengthening the family and 
keeping it intact. The Lower East Side 
Family Union is a social-welfare agen
cy formed in 1972 at the behest of five 
neighborhood community-service set
tlements. Its major goal is to provide 
rehabilitation for "hard-pressed fami
lies for whom disintegration is an imme
diate threat"; it aims to red uce the fre
quency with which children in "the most 
problem-ridden families in a poor, mul
ti-ethnic New York City neighborhood" 
are placed in institutions or foster 
homes, according to Bertram M. Beck 
of the Community Service Society of 
New York. His report on the Union has 
been published by the Foundation for 
Child Development. 

Beck traces some of the historic 
trends in social welfare that led to the 
perceived need for a new kind of agency, 
notably an excessive addiction to the 
foster placement of children. The early 
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child-welfare movement set great store 
on the benefits of a change of environ
ment; relatively little attention was giv
en to the relation of children to their 
natural parents. The availability since 
the 1930's of substantial public funds 
"made possible a vast expansion of fos
ter placement. ... Once funds were avail
able, foster care was increasingly pre
scribed as the remedy of choice . . . .  The 
choice of treatment is more apt to be 
dictated by the services available than 
by the nature of the problem. " In New 
York in particular, according to Beck, 
"voluntary, sectarian child-care services 
exercised substantial political influence 
and thwarted the development of pub
lic child care. " 

Other influences have included psy
choanalytic theory, which led to "heavy 
emphasis on counseling and insight de
velopment and minimal practical assis
tance" and a "crazy quilt" of programs 
and agencies, each focused on "a par
ticular service authorized by law and 
bound by regulation" and ignoring "the 
fact that the family itself is a system, 
and no one individual or problem can 
be looked at or successfully dealt with 
entirely independent of other individu
als and problems. " The fragmentation 
is institutionalized, since "organizations 
seek their own autonomy and will not 
allow themselves to be coordinated in 
any way that interferes with their own 
aggrandizement. " 

The Family Union attempts to reme
dy the obstacles to direct family support 
that stem from these influences by in
tegrating services at the neighborhood 
level. It is supported by funds from 
foundations and from the State of New 
York and by a loan of personnel from 
the New York City Department of So
cial Services; it is independent of the 
various organizations whose services it 
works to integrate. Some 400 families a 
year are referred to the Union-most of 
them by public child-welfare agencies, 
others by schools, the police, the clergy, 
another social agency or a family that 
has been helped. The Union concen
trates on some 200 multiproblem fami
lies that are at high risk of disintegra
tion. A referred family is assigned to 
one of three teams, largely made up of 
social workers and homemakers drawn 
from the neighborhood and trained on 
the job. 

After assessing the family's situation 
a Union social worker sets up a confer
ence involving family members and rep
resentatives of organizations that can 
provide the necessary services. A writ
ten contract is drafted, specifying the re
sponsibilities of each agency and of the 
family itself, and is signed by the par
ticipants. In one typical contract cited 
by Beck one agency agrees to provide a 
visiting nurse "about once every three 
weeks for the next three months"; a 
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hospital social worker undertakes to 
provide a part-time housekeeper and 
to coordinate clinic appointments; a 
settlement house accepts two children 
in its Headstart program and agrees to 
provide counseling; another settlement 
promises after-school day care for older 
children; the children's mother agrees to 
make an appointment for a medical ex
amination for herself and to see that the 
children show up at the Headstart pro
gram. The Union staff member follows 
up on the contract and sees that it is 
carried out. 

Much emphasis is put on the role of 
the homemaker, who is provided by the 
Union and works closely with the social 
worker, helping parents to deal with dai
ly problems and substituting for them 
in emergencies. When temporary place
ment of children outside the home is es
sential, the preferred solution is an in
formal arrangement with neighbors or 
relatives or, if necessary, formal foster 
care in the neighborhood. Of the 200-
odd families taken on each year, only 
some 5 percent have children who need 
foster care, in most cases for less than 
six months. 

Beck suggests that the Union could 
be replicated in other communities "if 
there were an inducement in the form of 
money" to support its particular func
tions. This might be done by founda
tions or by a public agency; possibly a 
government agency could require that 
social-welfare organizations participate 
in a similar system as a condition of re
ceiving certain public funds. Although 
the Union's work is specifically aimed 
at preventing unnecessary foster care, 
Beck points out that a similar approach 
could be used to deliver services to the 
aged, the mentally ill or retarded or any 
other category of people who need inte
grated services and are in no position to 
secure them on their own. 

Reverse English 

O
ne approach to the study of the 

brain holds that the functions of 
the human brain most worth investi
gating are the ones the brain performs 
almost instantly and without conscious 
effort. The best example is the un
derstanding and the utterance of lan
guage. Some people, however, seem to 
have linguistic abilities that other peo
ple do not. A special case is Andrew 
Levine, because Andrew Levine can 
talk backward. 

Levine is professor of philosophy at 
the University of Wisconsin. As some
one speaks to him, even quite rapidly, 
he can almost simultaneously utter the 
same sequence of words with the sounds 
in each word reversed. He does not re
verse each word in strict accord with its 
spelling. His utterance of the reverse 
of "peace," for example, sounds like 

"seep," and not like an effort to say 
"ecaep. " Moreover, where two words 
have the same spelling but different 
sounds (such as "bow" in its different 
meanings) his utterances of the reverse 
are different in sound as well. 

Levine's backward speech is being 
studied by Nelson Cowan, Lewis A. 
Leavitt and Dominic W. Massaro of the 
University of Wisconsin, in collabora
tion with Raymond D. Kent of the Boys 
Town Institute. The investigators have 
determined that Levine's reversal of En
glish is not the precise equivalent of 
playing a recording backward. In the 
word "ironic," for example, the long i at 
the beginning is a single phoneme: one 
of the elemental sounds of which a spo
ken language consists. To utter the long 
i, however, the mouth of the speaker 
must move from one position to anoth
er. If Levine reversed the utterance of 
"ironic" in the way a reversed recording 
does, the two positions of his mouth 
would reverse in sequence as well, and 
Levine would say something sounding 
like "kinarea. " Actually he says "ki
nari. " The word is reversed but the pho
neme is intact. Levine's ability there
fore tends to confirm that it is not mere
ly linguistic theory that analyzes words 
into trains of certain basic sounds. The 
human brain does so too. 

Other evidence suggesting that this is 
the case has come from studies of in
fants. In one experimental technique, 
employed by Leavitt in collaboration 
with Philip A. Morse, the infant's heart 
rate is monitored as he listens to the 
repetition of a computer-synthesized 
sound. Typically his heart rate slows 
slightly at first but quickens as he loses 
interest. Then he hears a sound he re
gards as different and his heart rate 
slows again. 

An example of such an experiment in
volves the sounds of band p. The differ
ence between the two is that in the case 
of the p there is a greater lag between the 
movement of the lips and the beginning 
of activity by the vocal cords. The com
puter can thus be programmed to syn
thesize not only the sounds of band p in 
combination with a subsequent vowel 
(for example ba and p a) but also inter
mediate sounds that do not occur in hu
man speech. An infant then hears the 
repetition of one computer-synthesized 
sound succeeded by the repetition of an
other. The monitoring of his heart rate 
as the experiment proceeds can estab
lish whether the infant regards the new 
sound as novel and hence can show 
whether he distinguishes it from the 
first. In this manner it has been estab
lished that infants and ad ults tend to cat
egorize sounds in the same way. They 
make the same distinctions and they fail 
to make certain distinctions. What has 
not yet been established is whether the 
infant categorizes phonemically. The 
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sounds of b plus a vowel and p plus a 
vowel are combinations of phonemes; 
the sounds of band p cannot be synthe
sized alone. 

The investigators are trying to learn 
how it is that Levine is able to talk back
ward in the first place. They have found 
that his memory for speech sounds 
and letter sequences is exceptional. One 
thing that hampers the research is the 
lack of any earlier work on the phenom
enon. Levine may be only the third 
backward talker on record. Although 
one of his predecessors became a profes
sional entertainer with the stage name 
Professor Backward, Levine can talk 
backward better. 

Eighth-Century Ark 

T
he place where Noah's ark came to 
rest, as it is recorded in the King 

James Version, is "upon the mountains 
of Ararat," evidently a region at the 
headwaters of the Tigris within the 
boundaries of ancient Urartu. (Both 
Ararat and Urartu can be translated 
as "highlands.") Traditionally this has 
come to mean twin peaks in eastern Tur
key, Big Ararat (at 16,950 feet the high
est mountain in the country) and Little 
Ararat ( 12,880 feet). Perhaps since the 
start of the Christian Era, if not before, 
pious people have hoped that the tim
bers of the ark could be found some
where on those slopes; indeed, some 
have believed they had been found. A 
film, In Search 0/ Noah's Ark, widely ex
hibited and televised in the U.S. and 
Canada as recently as 1977, was inspired 
by such thoughts. 

It is less well known that Fernand Na
varra, a retired French industrialist, has 
visited Big Ararat twice, first in 1955 
and again in 1969. He collected a section 
of worked timber and other fragments 
of wood from exposures in a glacier on 
the northern slope of the mountain at an 
altitude of some 14,000 feet. In an ac
count of his discovery titled Noah's Ark: 
I Touched It ( 1974) Navarra reported 
that the wood was oak. The density and 
color of the wood led forestry experts in 
Spain to state that it is about 5,000 years 
old (an age in reasonable accord with 
the chronology worked out by Arch
bishop Ussher, which dates the Creation 
to 4004 B.C.). 

Reviewing the matter in a recent issue 
of Antiquity, R. E. Taylor of the Univer
sity of California at Riverside and Rai
ner Berger of the University of Califor
nia at Los Angeles note that over the 
past 15 years several laboratories have 
measured the age of Navarra's wood by 
the carbon-14 method. One date deter
mined (at the National Physical Labora
tory in Britain) was A.D. 770-90, a sec
ond (at the University of California at 
Riverside) was A.D. 730-60, a third (at 
the University of California at Los An-

geles) was A.D. 730, a fourth (at the Uni
versity of Pennsylvania) was A.D. 640, a 
fifth (at Geochron Laboratories, Inc.) 
was A.D. 620-40 and a sixth (also at 
Geochron) was A.D. 270. A seventh date 
determined (at Teledyne Isotopes) was 
lost through the misplacement of the 
records. 

Pointing out that five of the seven de
terminations are statistically identical, 
Taylor and Berger note that in modern 
times crosses and other objects of reli
gious veneration have been raised near 
the summit of Big Ararat. "It is tempting 
to suggest," they conclude, "that one or 
two centuries before the Islamic con
quest of Asia Minor a cenotaph or me
morial was erected by Armenian or Byz
antine clerics to commemorate what 
they believed to be ... the final rest-
ing place of the Ark .... Perhaps this 
cenotaph was actually built in the form 
of a boat." 

The Zapping of a Cold America 

I
n spite of recent public concern about 

the possible health hazards associat
ed with the use of various devices that 
generate microwave radiation, a leading 
expert on the interaction of electromag
netic waves with matter has come for
ward with a proposal that would delib
erately promote rather than limit the 
presence of microwaves in the human 
environment. In a report published in 
Science R. V. Pound, professor of phys
ics at Harvard University, draws atten
tion to "the possible great social benefit 
that could be derived from the use· of 
microwave radiant energy to provide di
rectly the warmth needed by human be
ings and other living creatures." One 
reason for proposing such an applica
tion at this time, he writes, "is the view 
that such use could contribute impor
tantly toward alleviating the developing 
world energy crisis." By delivering heat 
energy in the form of microwaves di
rectly to the occupants of an enclosed 
space rather than to the enclosure or 
to the space itself, he explains, "body 
warmth and personal comfort could be 
maintained at far lower environmental 
temperatures than those that have be
come conventional, especially in the 
United States, in the departed era of 
cheap energy." 

According to Pound, microwaves 
with a wavelength on the order of a cen
timeter interact with the human body 
mainly by raising the temperature of 
water molecules in the skin. The warm
ing effect of this absorptive process, he 
says, "should seem little different from 
the warmth conveyed by the radiant 
heat from a warm stove." Moreover, 
microwaves, unlike infrared radiation, 
can be efficiently reflected from metallic 
walls; in the process neither the walls 
nor the air need be significantly heated. 

"In this way the room would become a 
resonator supporting a large number of 
modes of high numerical index that 
tend to overlap in frequency. Thereby, 
the room would be filled relatively uni
formly with radiant energy .... An oc
cupant would then experience uniform 
warming irrespective of his location 
in the room." 

Pound estimates that the microwave 
power needed to keep people comfort
able under such circumstances would be 
about 60 watts, a level that is not in
compatible with the current radiation
protection guide used in Western coun
tries, "even though the guide was set un
der the assumption that radiation could 
only be deleterious." Nevertheless, he 
adds, "experiments are needed to estab
lish suitable parameters in practice." 

Addressing himself to the question of 
whether there are important nonthermal 
effects that must be considered in the 
interaction of microwaves with biologi
cal tissue, Pound notes that "microwave 
radiation contains only photons whose 
quantum energy is very much smaller 
than the mean energy of the pervasive 
thermal agitation and vibration of indi
vidual atoms and molecules of all mat
ter at temperatures supportive of life. 
Microwaves form a part of the spectrum 
of radiations emitted by all objects at 
temperatures above about I K, and are 
present in the radiation from the sun. 
These photons, individually, have none 
of the penetrating and disruptive quali
ties possessed by gamma rays, X rays or 
energetic particles encountered in nucle
ar reactions." In any event, he continues, 
even advocates of the view that there are 
dangerous non thermal effects of micro
waves accept the argument that the shal
low penetration of microwaves with 
wavelengths shorter than about three 
centimeters makes them unsuitable for 
testing for such effects. 

Pound acknowledges that the asso
ciation of his proposed form of heat
ing with microwave ovens for cooking 
might give rise to some fears. He points 
out, however, that the microwaves pro
duced in ovens have a wavelength of 12 
centimeters or more and that they pene
trate more than 10 times deeper than 
three-centimeter waves in tissue with 
an appreciable water content. Further
more, he maintains, "cooking is a matter 
of degree. All forms of domestic heat
ing have their counterparts in cooking, 
when the level of the heat is made suffi
cient. One may associate, for example, 
forced hot air (or a dry sauna) with bak
ing, a damp sauna with steaming, and 
radiant heat with broiling. The open fire 
itself is also used for broiling, but that 
does not prevent a fireplace from serv
ing as a pleasant source of warmth. 
The important factor in all cases is the 
limitation of the exposure to an appro
priate level." 
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Megalithic Monuments 
These assemblages of massive stones, of which Stonehenge is one, 
are found by the thousands in Europe. How old they are was long 
uncertain, but they have now been dated to the Neolithic period 

�ong the most dramatic remains of 
the ancient cultural landscape of 
Europe are its many prehistoric 

stone monuments. These megaliths have 
long aroused the interest and curiosity 
both of the general public and of anti
quarians and archaeologists, with their 
interest in correctly describing the na
ture, purpose, context and age of the 
structures. To give only two examples, 
the stone rows of the Carnac region 
in southern Brittany, where more than 
3,000 menhirs stand in parallel lines that 
extend for nearly four miles, and the 
Grand Menhir Brise at nearby Locma
riaquer, now broken but originally 22 
meters long, are among the most re
markable relics of prehistoric France. 

Without doubt the most famous of all 
megalithic monuments is Stonehenge, 
on the Wiltshire plain of southern Brit
ain. Visited by thousands yearly, it is 
second only to the Tower of London 
as a tourist attraction. It has a larger 
literature than any other archaeologi
cal site in the world, including the pyra
mids of Egypt and the great statues of 
Easter Island, as well as mythical sites 
such as Atlantis. The number of books 
on Stonehenge and on other megalithic 
monuments that have poured from the 
presses in the past decade or so is a mea
sure of the continued interest in these 
antiq uities. 

It is also, alas, an all too clear dem
onstration of the imagination, wishful 
thinking and credulousness of many 
authors, and the abysmal ignorance of 
many alleged archaeologists who can 
only be described, if uncharitably, as 
fantasy buffs. This is no new phenome
non. As long ago as 1911 G. Elliot 
Smith's book The Ancient Egyptians 
brought all these ancient European 
monuments from the banks of the Nile. 
Such exercises of the imagination con
tinue. As recently as 1977 Euan Mac
Kie in The Megalith Builders declared 
that they were the work of wise men 
from predynastic Egypt and Sumeria. 
There are others, among them Erich von 
Daniken, who see the megalith builders 
as voyagers from space. Now there is 
also a widespread belief that these mon-
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uments were built with an astronomi
cal purpose, and such words as "astro
archaeology" and "archaeoastronomy" 
are freely bandied about. Let us take a 
sober and balanced look at these struc
tures in the context of our existing de
tailed knowledge of ancient Europe. 

The Study of Megaliths 

In 1849 in a book called Cyclops Chris
tianus an Oxford don, Algernon Her
bert, coined the word megalith (from the 
Greek megas, great, and lithos, stone). 
The word caught on. Although in 1872 
James Fergusson, a Scottish architectur
al scholar, titled his book Rude Stone 
Monumenls in All Countries, he too spoke 
of megaliths. So did T. E. Peet in his 
Rough Stone Monuments, published 40 
years later. 

These pioneer works established the 
proper study of megaliths, but they in
troduced one fundamental confusion. 
As travelers such as Fergusson jour
neyed outside Europe they found great 
stone monuments in Algeria, Palestine, 
Ethiopia and the Sudan, the Caucasus, 
Persia, Baluchistan, Kashmir and cen
tral and southern India. (In India the 
megalithic monuments of the Deccan, 
many of them with "portholes" resem
bling those of megalithic tombs in Eu
rope, first interested Fergusson in un
dertaking his comparative researches.) 
The list does not end there. Megaliths 
are found in Assam, in Sumatra and on 
some Pacific islands such as Malekula in 
the New Hebrides. (The stone figures of 
Easter Island, although they are certain
ly large, are not megaliths in the general
ly accepted sense.) In Japan megalithic 
tombs were built from the second cen
tury B.C. until the seventh century A.D., 

when the emperor Kotoku forbade them 
as a waste of labor. The pre-Columbi
an civilizations of the New World also 
practiced megalithic construction. 

The result of applying the term me
galith to all these monuments in differ
ent countries, from different periods and 
in different cultural contexts gave birth 
to an absurdity: the idea thin the struc
tures were genetically connected, that 

they were the work of a megalithic race 
or a megalithic people. This notion has 
long been abandoned, and it is widely 
realized that the megalithic structures 
in different parts of the world are simi
lar because they are made of similar 
materials in similar ways. The paral
lels are particularly striking in megalith
ic chambers or rooms that incorporate 
the basic elements of what is known as 
trabeate architecture (from the Latin 
trabes, beam). This type of construction 
is like building a house of cards or of 
children's blocks: slabs of stone are set 
upright (orthostats) and other slabs are 
laid across the uprights as capstones. 
The architectural possibilities are limit
ed, and so it is not surprising that a meg
alithic chamber in France or Ireland, 
dating from the third millennium B.C., 
should resemble a megalithic chamber 
in southern India dating from the end of 
the first millennium B.C. 

Another confusion in the minds of 
many is one between megalithic archi
tecture and cyclopean architecture. The 
latter also makes use of large stones, but 
a cyclopean structure is built of stones 
that are carefully fitted together, even if 
irregular in shape, and generally set in 
layers. Cyclopean architecture is found 
in both the New World (for example the 
Inca structures of Peru) and the Old (for 
example the citadels of Mycenae and 
Tiryns in Greece or the n uraghi, or stone 
towers, of Sardinia). 

The European Megaliths 

The megalithic structures of Europe 
fall into four main categories. First is 
the menhir, or single standing stone. 
The word comes from the Welsh mae", 
a stone, and hir, long. Brittany is rich 
in menhirs that range in length from 
one meter to six meters. A notable ex
ception is the Grand Menhir Brise, a 
much larger horizontal stone. No one 
knows whether this great stone ever 
stood erect; the earliest records describe 
it as it is now. 

A special kind of menhir, known as 
a statue menhir, is sculptured so that it 
bears the representation of a person, hu-
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GRAND ARRAY AT C ARNAC in southern Brittany includes three 
separate avenues of menhirs, or standing stones. Seen in this aerial 

MOST FAMOUS MONUMENT of the megalithic tradition, Stone
henge is a ring surrounded by a bank and a ditch, situated on the Wilt. 

photograph is the Kermario display, consisting of 10 roughly p arallel 
lines of menhirs, hewn from local granite, extending some 4,000 feet. 

shire plain of southern Britain. The ring was built in phases, start· 
ing in about 2800 B.C., and was completed sometime after 1100 B.C. 
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GREATEST BURIAL CHAMBER of the megalithic tradition is 
Newgrange in County Meath in Eire, shown in elevation at the top 
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to the burial chamber at the center of the great mound is some 60 
feet long; the corbeled vault of the chamber is 20 feet high (see plIO
tograph all opposite page). Newgrange was built in about 2500 D.C. 
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man or divine. These are found in south
ern France and northern Italy, with out
lying examples both in Spain and on the 
Channel Islands. These interesting up
rights, the earliest monumental sculp
ture in the round in human history, can 
be dated to the end of the third millenni
um B.C. and the beginning of the second. 
They are not, however, necessarily con
nected with the undecorated menhirs. 

The second category of megalithic 
structures is made up of grouped stand
ing stones. The stones are set either in 
rows, as those at Carnac are, or in what 
used to be called stone circles. The care
ful surveys of Alexander Thom, retired 
professor of engineering at the Universi
ty of Oxford, have shown that many of 
the latter monuments are not strictly cir
cular: many are in the form of an ellipse 
or a flattened ellipse. As a result the term 
now coming into favor as a description 
of these megalithic enclosures is stone 
ring. Some stand alone; some surround a 
burial mound. Some are associated with 
rows of stones; some, like the famous 
monuments of Stonehenge and Avebury 
in southern Britain and Stenness and 
Brodgar in Orkney, are surrounded by 
ditches and banks. 

The third category, the burial cham
ber, constitutes the commonest form of 
European stone monument. There must 
be 40,000 to 50,000 of these chambers 
surviving, and originally there were per
haps twice as many. The largest number 
of them are found in Spain and Portu
gal, France, Britain and Ireland, Scandi
navia and northern Germany. Some are 
completely buried under large mounds 
of earth and stone, some bear traces of 
partially destroyed mounds and others 
are entirely freestanding. It was thought 
in the 19th century that all freestanding 
chambers were the ruins of chambered 
mounds, but this is not now thought to 
be so. Some are the remains of denuded 
burial mounds but others, such as the 
portal chambers of Ireland and the great 
stone galleries of western France, were 
probably always as they are today. 

Many burial chambers exhibit a roof
ing technique more elaborate than the 
simple capstone; stones were placed on 
top of the upright orthostats in such a 
way as to overlap until they formed a 
corbeled roof, or vault. Among the most 
famous surviving corbeled vaults are 
Maes Howe in Orkney and Newgrange 
in County Meath in Eire. Maes Howe 
was broken into by the Vikings, but 
Newgrange, with its vault rising 20 feet 
above the ground, has remained intact 
for 4,500 years. It is one of the wonders 
of prehistoric Europe. 

Many of the stones in these cham
bers are very large. The capstone of the 
Mount Browne chamber in County Car
low in Eire is estimated to weigh some 
100 tons. The great megalithic cham
ber at Bagneux, near Saumur in west
ern France, is some 20 meters long by 
five meters wide, and its roof of four 

LOOKING UP to the top of the corbeled vault at Newgrange, this photograph reveals its 
stepped construction. Each successive layer of slabs was placed closer together until capstones 
could bridge the narrowed gap. A similar corbeled vault was built at Maes Howe in Orkney. 

. capstones gives three meters of head 
space to someone standing inside. (It 
once housed a cafe!) The capstones are 
about 60 centimeters thick; the largest 
of them is estimated to weigh 86 tons. 

The fourth category, the megalithic 
temple, is a limited one. Most of the 
examples are found in the Mediterrane
an, on the island of Malta and its neigh
bor Gozo. The application of the term 
temple to these great megalithic monu
ments may conjure up in the minds of 
some a building comparable in appear
ance to the pillared structures of dy
nastic Egypt and Classical Greece. The 
Maltese monuments are very different. 
Their solid walls consist of very large 
slabs of stone, their floor plan includes 
projecting apses and they were probably 
roofed with wood beams and thatch. 
They are certainly among the most im
pressive prehistoric architectural monu
ments in the entire Mediterranean area. 

That the Maltese structures were tem
ples there is little doubt. They hold no 
burials and no traces of domestic occu
pation but do contain many cult objects, 
including figurines of a female deity and 
stones decorated with spirals and other 
designs. There is also no doubt that they 
date from the fourth millennium B.C. 
They are thus the earliest example of 
stone architecture in the Mediterranean 
and, together with the megalithic cham
bers of Spain and France, in the entire 
world. 

In medieval times the common folk, 
and learned men too, thought the great 

stone monuments must have been the 
work of giants of long ago. Indeed, the 
first recorded excavation of a megalithic 
chamber in Sweden was for the specific 
purpose of testing this supposition. It 
was proved wrong; the remains found in 
the chamber were not those of giants. 
Later antiquarians sought to explain the 
megaliths in terms of written history. 
The structures were variously ascribed 
to the Romans, the Anglo-Saxons, the 
Danes, the Goths and the Huns. For ex
ample, Herbert, the coiner of the word 
megalith, argued that because Stone
henge and other British megaliths were 
not mentioned by Roman historians and 
visitors to Britain the structures must be 
post-Roman. 

Who and Why 

Gradually it came to be accepted that 
the megaliths were pre-Roman. The 
pre-Roman inhabitants of northwestern 
Europe, namely the ancient Gauls and 
Britons, had been described by Caesar 
and others as having a class of wise men 
called Druids. It is not surprising, then, 
that the megaliths came to be ascribed 
to the Druids. Some even took the free
standing chambers for Druidic altars. 

Over the past two centuries the 
growth of archaeological excavation 
has revealed that megalithic chambers 
were primarily burial places, used col
lectively by a community or a family 
over a period of time. Some large cham
bers have yielded the remains of 200 
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attachments from the CU-70 kit, frame your 
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complicated exposure settings to calculate or 
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range recording capability for instant docu
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medical/biological specimens; insurance evi
dence and forensic 
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tions of all kinds 
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DOLMEN, OR "TABLE STONE," is the name given to this form of 
megalithic monument in Brittany. It consists of a single capstone rest
ing on three or more upright supports and is the simplest form of bur-

LARGER CHAMBER, also in Pembrokeshire, now has only one 
capstone. This freestanding burial chamber, at Pentre-ifan, was first 
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ial chamber. This monument, situated in Pembrokeshire in Wales, is 
known as the Carreg Samson cromlech, a Welsh word equivalent to 
dolmen. Some chambers are freestanding; others are mounded over. 

recorded by George Owen in his survey of Pembrokeshire published 
in 1603. Perhaps 50,000 such burial chambers survive in Europe. 
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individuals or more. Not all megalith
ic cpambers, however, were necessari
ly tombs. Some, like the freestanding 
chambers of Ireland and the Loire val
ley of France, may have been temples, 
although scarcely Druidic ones. Indeed, 
the line between a tomb and a temple is 
not a hard and fast one, as we realize 
when we look at Christian churches and 
cathedrals. 

The grave goods found in many meg
alithic chambers are unspectacular: un
decorated pots and polished stone axes. 
In some areas, however, they are rich 
and remarkable. In Scandinavia heavily 
decorated pots with oculi, or eye orna
ments, are found. In Spain many tombs 
yield large numbers of schist plaques 
covered with designs, some of them 
anthropomorphic. Tombs in Brittany 
have yielded superbly fashioned pol
ished axes and rings of jade, garnet and 
other precious materials. These date 
from the third millennium B.C., long an
tedating the Chinese and Maya achieve
ments in jade. 

The purpose Qf the menhirs is more 
difficult to evaluate. Sometimes burials 
are found at their foot, but they are not 
tombs. Moreover, such burials cannot 
even provide a date for the monument, 
let alone establish its original purpose. 
Perhaps these single standing stones 
were intended as territorial markers. 
Perhaps alternatively they were meant 
as memorials for the dead, a prehis
toric version of the Greek cenotaph, or 
empty tomb. 

The purpose of the menhir alignments 
and the stone rings is clearly neither 
funerary nor domestic. Perhaps these 
monuments were places of assembly 
where tribes or communities met from 
time to time for both secular and reli
gious purposes. I see them functioning 
like the Breton pardons of the present 
day: opportunities for priests to conduct 
sacred rites, for crops and animals to be 
blessed, for friends and relatives to meet 
and enjoy a social occasion, a market 
and a fair, particularly a hiring fair. 

Does such a description fit Stone
henge, the best-known stone ring of 
them all? First it should be remembered 
that Stonehenge is a complex monu
ment of several periods and many archi
tectural features, including two circles, 
two horseshoes and carefully shaped 
"trilithons" that are a far cry from sim
ple orthostats and capstones. The stones 
themselves are in part sandstone from 
the Marlborough Downs and in part 
"foreign" blue stone from the Preseli 
hills of Pembrokeshire in southern 
Wales. There are some 80 of the blue 
stones, weighing up to four tons each; 
the distance from Preseli to Stonehenge 
is 135 miles as the crow flies. The sand
stone units, better known as sarsen 
stones, are also large and were carefully 
dressed. The largest single component 
of the sarsen trilithons measures 29 feet 
eight inches, and the average height of 

EROSION OR VANDALISM had stripped away the mound that once concealed this cham
bered tomb by the time the artist recorded the monument in the 1840's. Only one capstone still 
bears some of the former covering of rubble and earth. The engraving on which this sketch of 
Bryn Celli Ddu in Anglesey in Wales is based appeared in Archaea/agia Cambrel/sis, 1847. 

the stones in the sarsen circle is 13 feet 
six inches. One of the most interesting 
and architecturally sophisticated devic
es used by the builders of Stonehenge is 
what is known in Greek architecture as 
entasis. This consists of shaping an up
right so that the effect of perspective is 
canceled; when the stones are seen at 
close range, they do not appear to taper 
upward but give the optical ill usion of 
being straight-sided. 

Measuring the Year 

There is no doubt in anyone's mind 
that Stonehenge was built with its cen
tral axis pointing to the midsummer sun
rise. Many years ago the British astron
omer Sir Norman Lockyer argued that 
by calculating the exact orientation of 
Stonehenge he could assign an exact 
date to the construction of the mon
ument. His conclusion was 1680 B.C. 
(±200 years). Since then R. J. C. At
kinson of University College, Cardiff, 
who has done more than anyone by ex
cavation and research to contribute to 
our modern knowledge of Stonehenge, 
has pointed out that, owing to errors in 
Lockyer's original reasoning, his date 
should be altered slightly. The new read
ing is 1840 B.C. (±200 years). 

The astronomical purpose of Stone
henge and other stone rings was not seri
ously argued until after World War II, 
when Gerald S. Hawkins of Boston Uni
versity proposed in his book Stonehenge 
Decoded (1966) that the monument was 
a giant calculator for the prediction of 
eclipses, both lunar and solar. Five years 
later Thorn, in his book Megalithic Lu
nar Observatories, postulated that many 
megalithic monuments served for obser
vation of the movements and phases of 

the moon. Thorn's surveys had already 
led him to argue for the existence of a 
megalithic "yard" measuring 2.72 feet 
and to suggest that the builders of stone 
rings had a knowledge of Pythagorean 
geometry 2,000 years or more before 
the Greeks. These are extravagant and 
unconvincing claims; what the builders 
of megaliths had was a practical knowl
edge of laying out right-angled triangles. 

Many people, no doubt bored by the 
prosaic account of megaliths to be got 
from archaeological research, jumped 
on the Hawkins-Thorn bandwagon, ac
cepting the builders of megaliths not 
only as experts in Pythagorean geome
try and possessors of accurate units of 
mensuration but also as skilled astrono
mers who studied eclipses, the move
ments of the moon and the positions of 
the stars. To me this is a kind of refined 
academic version of astronaut archae
ology. The archaeoastronomy buffs, al
though they very properly eschew wise 
men from outer space, very improperly 
insist on the presence in ancient Europe 
of wise men with an apparently religious 
passion for astronomy. It seems to me 
that the case for interpreting megalithic 
monuments as astronomical observato
ries has never been proved. The inter
pretations appear to be subjective and 
imposed by the observer. Already new 
surveys are showing the inaccuracy of 
some of the earlier observations and 
undermining the hopes of those who 
believe the builders of megaliths were 
slaves of an astronomical cult. 

The entire study of megaliths in Eu
rope has been revolutionized not by sur
veyors with their eye on the moon and 
the stars but by advances in prehistor
ic dating. The first of these was the de
velopment by Willard F. Libby and his 
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REVERSING SPIRALS decorate a low wall in a Maltese megalithic 
temple at Hal Tarxien, near Valetta. The numerous megalithic tem-

SPIRAL DECORATION is predominant among tbe motifs execut
ed in low relief on this megalithic column at the entrance to New-
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pIes of Malta and nearby Gozo, once believed to have been inspired 
by Minoan structures, are now known to be indigenous in origin. 

grange. The decoration, if it is as old as the burial chamber itself, is at 
least 1,500 years later than the earliest Maltese megalithic temples. 
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colleagues of carbon-14 dating. The 
first·carbon-14 dates were published 30 
years ago, and since then thousands of 
them have been determined by labora
tories all over the world. A more recent 
geochronological technique, thermolu
minescence dating, has confirmed many 
carbon-14 find ings. 

The Question of When 

Before the carbon-14 revolution-and 
it has been no less than revolutionary for 
the field of prehistoric archaeology-the 
ages of various ancient works of man 
had either been guessed at or calculated 
in a regrettably uncertain way by corre
lations between the dated civilizations 
of Egypt and Mesopotamia and undated 
barbarian Europe. Thus in the period 
between the two world wars it was cus
tomary to assign the earliest European 
megaliths to the Neolithic period, say 
between 2500 and 2000 B.C., and the 
great monuments such as Newgrange 
and Stonehenge to the Bronze Age, be
tween 1 800 and 1500 B.C. 

Now, thanks to the carbon-14 revolu
tion, we can confidently state how old 
the megaliths of Europe actually are. 
The Maltese temples date from 4000 
to 2000 B.C. The megalithic chamber 
tombs of Spain and Portugal date from 
3 800 to 2000 B.C. The British and Irish 
tombs date from just after 3800 to 2000 
B.C. and the Scandinavian tombs from 
before 3000 B.C. to, say, 1 800 B.C. In the 
Irish sequence it is good to have a defi
nite date for Newgrange, showing that it 
was put up in about 2500 B.C. In the 
British sequence Atkinson has set down 
the chronological details of Stonehenge: 
the first phase was from 2800 to 2200 
B.C.; the second phase, including the 
arrival of the blue stones from Wales, 
was from 2 100 to 2000 B.C.; the third 
phase, which includes three subphases, 
was from 2000 to 1100 B.C., when the 
final phase began. 

The dates I have given here, for Stone
henge and for megalithic monuments in 
general, are what are called calibrated 
carbon-14 dates. This is to say that they 
have been adjusted to the corrections 
based on the study of the rings of the 
bristlecone pine as displayed in the vari
ation curves plotted by Hans E. Suess of 
the University of California at San Die
go, by R. Malcolm Clark of Monash 
University in Australia and by others. 

How can one explain the origins of 
these megalithic monuments now that 
they are accurately dated? There is only 
one tenable explanation of the menhirs 
of Brittany and elsewhere in northwest
ern Europe. They are a local invention; 
perhaps they represent the translation 
into stone of an earlier practice of set
ting up wood posts as cenotaphs or terri
torial markers or even totem poles. 

There is now only one tenable expla
nation of the Maltese megalithic tem
ples. It used to be argued that they were 

SEMICIRCULAR MOTIF predominates in the low-relief sculpturing of these uprights at the 
megalithic burial chamber of Gavrinis in France, roughly contemporaneous with Newgrange. 
Whether the patterns were decorative or whether they had religious meaning is not known. 

derived by diffusion from Minoan Crete 
or from Mycenae or from even far
ther afield. Carbon-14 chronology now 
shows them to be earlier than any Mi
noan, Mycenaean, Egyptian or Sumeri
an context. The Maltese temples were 
an indigenous development. Possibly 
they are aboveground versions of sub
terranean rock-cut temple tombs. In any 
event they appear to have no antecedent 
anywhere, and no structures that can be 
confidently derived from the Maltese 
temples have ever been found outside 
Malta and Gozo. 

We now come to the origins of the 
megalithic chambers and the stone 
rings. These must not be looked on as 
isolated phenomena. Instead we must 
seek to explain them in the context 

of the Neolithic societies that created 
them. Elliot Smith's idea that the Euro
pean megaliths were derived from the 
mastabas, or stone tombs, of Egypt has 
no basis in fact and no suggestion of 
probability. We now know that the meg
aliths of Europe are older than the mas
tabas and pyramids of Egypt. 

Still another hypothesis, voiced by V. 
Gordon Childe and others and tena
ciously held by most archaeologists dur
ing the second quarter of this century, 
suggested that the megaliths of Europe 
were built by people who originated in 
the eastern Mediterranean, particularly 
in Crete and the islands of the Aegean. 
Even in the days before carbon-14 dat
ing it was becoming clear that the idea 
of, for example, deriving great chamber 
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LARGEST MENHIR in western Europe is this broken specimen at Locmariaquer in Brittany. 
Three of its four fragments are seen here; the combined length of the four is 22 meters. Wheth
er the menhir ever stood upright is not known; earliest records show it in its present position. 

CHRISTIANIZED MENHIR in the Yorkshire village of Rudston, 25 feet high, is the tallest 
in Britain. The megalithic monument was not thrown down; the graveyard grew up around it. 
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tombs such as Newgrange and Maes 
Howe from the domed subterranean 
tombs of Mycenae was chronologically 
impossible. As a second line of defense 
the hypothesis was adjusted backward 
in time to the vaulted tombs of the Mes
sara in Crete and the rock-cut tombs 
of the Cyclades. Now both carbon-14 
and thermoluminescence determina
tions show that the European megalith
ic chambers antedate any of the collec
tive tombs in the eastern Mediterranean. 

The New Conclusion 

We are therefore forced to conclude 
that chamber tombs originated inde
pendently in at least seven areas of Eu
rope: southern Spain, Portugal, Britta
ny, northern France, northern Germany, 
Scandinavia, southern Britain and Scot
land. Does this statement appear to be a 
victory for the "independent evolution" 
school of archaeological theory over the 
"diffusionist" school that has held the 
field for so long? 

It is not as simple as that. The Neolith
ic societies that began to put up mega
liths in some areas of Europe in about 
4000 B.C. were those that were already 
building comparable nonlithic or non
megalithic structures, to wit houses and 
graves. Many of us think at present that 
an explanation of the appearance of 
megalithic chamber tombs in many dif
ferent parts of Europe must take into 
consideration three successive phases. 
The first phase postulates an early Eu
ropean Neolithic tradition of building 
houses of wood or stone. The second 
phase involves the transformation of 
these domestic structures into tombs, 
still constructed of wood, turf or non
megalithic stone. The third phase in
volves the translation of these wide
spread Neolithic traditions into mega
lithic architecture in separate areas of 
Europe that were without doubt inter
connected. 

The origin of stone rings may be ex
plained in much the same way, although 
here the phenomenon does not involve 
seven separate but interconnected areas. 
The rings are found only in Britain and 
Ireland. Just as the chamber tomb trans
lates a simpler precursor, so the stone 
rings cannot be dissociated from the 
wood-ring monuments now commonly 
referred to as woodhenges. 

I see the origin of stone rings this way. 
First there were circular clearings in the 
forests that covered Neolithic Europe in 
the fifth and fourth millenniums B.C. We 
can postulate that sacred and secular 
gatherings took place in these clearings. 
Next, owing to the agency of man's do
mestic animals and man himself, the 
forests disappeared, whereupon artifi
cial clearings were created by setting 
posts in a ring as a stage for similar gath
erings. The third phase was the transla
tion of the wood rings into stone rings. 
Then finally, as the tour de force of a 

© 1980 SCIENTIFIC AMERICAN, INC



succession of what one can only call ca
thedrill architects, Stonehenge was built 
in the middle of the third millennium 
B.C. and flourished as a temple cum 
meeting place cum stadium for more 
than 1,000 years. This brings us back to 
my earlier question: Does Stonehenge fit 
the description of megalithic rings in 
general as sacred and secular meeting 
places? The answer seems to be emphat
ically in the affirmative. 

Megaliths and Religion 

One feels there must have been an im
pelling faith to inspire the Neolithic 
people who labored mightily to con
struct the megaliths of Europe. Tombs, 
temples, cenotaphs, meeting places
whatever the monuments were-appear 
to be manifestations of some powerful 
religious belief including a belief in an 
afterlife. Was the religion connected 
with the annual round of the sun, as 
the orientation of Stonehenge and other 
stone rings suggests? Was it connected 
with a mother goddess, as seems to be 
hinted by the figures from the Maltese 
temples and those on pottery and on the 
schist plaques from the tombs in Spain 
and Portugal? We may never know. 
Without written sources it is virtually 
impossible to reconstruct the character
istics, religious and social, of prehistoric 
societies. We do not know why the hunt
ers of the Upper Paleolithic created 
paintings, engravings and sculptures in 
southern France and northern Spain, 
and we must admit that we also do not 
know the social and religious ethos of 
the megalith builders. 

Of the thousands of megalithic tombs 
in Europe a few are decorated with de
signs carved in low relief or incised on 
the stone surface. Some in central Ger
many seem to be representations of tap
estry, perhaps the hangings that may 
have lined the walls of houses. Others, 
particularly in the Paris basin, are clear 
representations of a female in frontal 
view; the eyes, nose and breasts of the 
deity are emphasized. The majority of 
the megalithic designs in the tombs of 
Brittany and Ireland, however, are geo
metric patterns: spirals, zigzags, loz
enges, concentric circles. Perhaps the 
finest are at Gavrinis in Brittany and at 
Newgrange. Some, like the spirals on 
the great stone at the entrance to New
grange, seem simply decorative. Others 
are to our eyes a bewildering confusion 
of what may be signs and symbols. It is 
important to remember that some of 
these geometric decorations are buried 
in the encompassing mounds of cham
ber tombs and were never meant to be 
seen; they were deliberately hidden at 
the time of construction. Why? Are they 
messages or are they sacred symbols? 
Whatever their meaning, it is set down in 
a notation we can never decipher. 

In this connection it was discovered 
only 15 years ago that a representation 
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of a dagger had been engraved on one of 
the uprights at Stonehenge, as had rep
resentations of several axes of Early 
BronTe Age style. Some fancied the dag
ger to be a Mycenaean one. This kind of 
art is quite different from that of the 
chamber tombs, and of course the repre
sentations may have been executed late 
in the history of Stonehenge. To say that 
they are Bronze Age graffiti, however, is 
not to say that Stonehenge was a gigan
tic Bronze Age lavatory. 

The practice of building great stone 
monuments in Europe died out by 1000 
B.C., but the general population need not 
have simultaneously forgotten the na
ture and significance of the structures. It 
is by no means impossible that the folk 
of the first millennium B.C. continued 
to congregate and worship at the stone 
rings, and it is more than possible that 
the Druidic priesthood of the pre-Ro
man Celts of Gaul and Britain used 
them as temples. There is, however, no 
archaeological evidence of it. 

At first Christianity strongly disap
proved of people who worshiped stones, 
but gradually there came a new toler
ance, which was generous enough for 
certain menhirs to be Christianized. In
deed, in Spain and Brittany a few mega
lithic monuments have been incorpor
ated into functioning modern Christian 
churches. I take this to be a sign that the 

older faith of the builders survived in 
some shape or form until at least the 
Middle Ages of western Europe. 

The Builders' Skills 

It used to be asked: Who are the me
galith builders of ancient Europe and 
where are their houses and settlements? 
We now think these questions are the 
wrong way around. It is the Neolithic 
villagers of Europe in the fourth and 
third millenniums B.C. who in certain 
areas built their tombs and temples in 
enduring stone. There has been much 
spoken and written recently about a rev
olution in our picture of the prehistor
ic past. Archaeologists are described as 
having thought of Neolithic peoples as 
savages, and so the new view of the past 
that shows them having great math
ematical, geometrical and astronomi
cal skills and knowledge dramatically 
changes our image of prehistoric man. 

This thesis makes sense only to those 
who have never understood the ar
chaeological record and who want to 
sensationalize prehistory. I have never 
had any doubt that the Neolithic peo
ples of Europe were good technicians 
and skilled engineers. They quarried 
large stones, transported them for con
siderable distances and erected them 
with consummate skill and artistry. We 

can gain some information about their 
probable techniques by studying the 
methods used today in areas such as As
sam, where megalithic monuments are 
still being built. We can measure their 
accomplishments by noting the difficul
ties present-day farmers and building 
contractors encounter in trying to break 
up the prehistoric structures. For exam
ple, late in the past century the capstone 
of a megalithic chamber near Saumur 
was moved to be used as a bridge across 
a local stream. The movers built a num
ber of enormous rollers more than a me
ter in circumference; each roller was 
made by lashing the trunks of four oak 
trees together. Even with the rollers in 
place 18 pairs of oxen were needed to 
move the load. 

We must never deny the greatness 
of the megalith builders' achievements. 
Nor should we deny that from time to 
time, pausing from their labors at the 
harvest or at the construction of a mon
ument, they looked as we all do to the 
sun, the moon and the stars. It is 6,000 
years since the first megaliths were built 
in Malta and Brittany: 4,000 years be
fore the beginning of the Christian Era 
and 1,000 years before the literate civ
ilizations of Egypt and Mesopotamia. 
This is a sobering thought when we con
template, with pride and pleasure, our 
megalithic patrimony. 

A VEBURY ENCLOSURE, first recognized as a megalithic circle 
by John Aubrey in the 17th century, caused him to remark that it 
"does as much exceed in greatness the so renowned Stoneheng as a 
Cathedral doeth a parish Church." Few of the 190-odd menhirs that 

made up the cirl:le and its avenues are visible in this aerial photo
graph, but the bank and ditch, formed by the quarrying of 200,000 
tons of chalk, enclose an area of more than 28 acres. The conical 
mound visible at upper right, called Silbury Hill, is also manmade. 
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Owning a Toyota is always a 
good feeling. 

But this price sticker could 
make owning one feel even better. 

Because just $5,679* buys 
a lot of car-the Celica ST Sport 
Coupe. 

$5,6791 That's $710 less than 
the Datsun 200-SX. 

$916 less than the Honda 
Prelude. 

At $5,679, the Celica ST Sport 
Coupe is also $1,816 less than a 
Mazda RX-7. 

And over $2,000 less than a 
Volkswagen Sci rocco! 

With a sticker price as low as 
$5,679, you may ask how we do it. 

Do we give you less? 
Or do the others just charge you 

more? 
Take a look at the sticker (not 

this one-you'll strain your eyes!). 
For $5,679,* we give you a lot. Our 
standard equipment column lists 
a 2.2 liter overhead cam engine .. . 
power assisted front disc brakes .. . 

steel belted radial ply tires ... electric 
tachometer, and lots more. 

The 1980 Celica ST Sport 
Coupe. $5,679! 

Like we said, it's a lot of car 
for less. 

CELICA ST SPORT COUPE. 
A LOT OF CAR 
FOR LESS THAN A LOT OF CARS. 
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Convection 
The spontaneous upwelling of a heated Ruid can be understood 
only by untangling the intricate relations among temperature, 
viscosity, surface tension and other characteristics of the Ruid 

by Manuel G. Velarde and Christiane Normand 

Convection should be familiar to 
anyone who has observed the 
roiling of a heated broth, felt the 

draft drawn up the flue of a fireplace or 
noticed the shimmering of air currents 
over a paved road on a sunny day. The 
same mechanism of convective flow is 
responsible for the great ocean currents 
and for the global circulation of the 
atm9sphere; it gives rise to motions on 
a still larger scale in the sun's pho
tosphere. Certain kinds of clouds are 
formed when warm, moist air ascends in 
a convective plume, and it is a disrup
tion of normal convective transport that 
periodically leaves cities such as Los 
Angeles and Madrid smogbound under 
a temperature inversion. Other exam
ples are less familiar or less easily ob
served. Convection has an important in
fluence on the drying of paint films and 
on the dispersal of gases and particles 
in the lungs. Convection in the earth's 
mantle is apparently the motive force 
for the slow migration of the continents. 

The most elementary kinds of convec
tion would seem to have a simple expla� 
nation, which can be summed up in the 
expression "Heat rises." In the simplest 
cases convective flow begins when a 
fluid (either a gas or a liquid) is heated 
from below. In response to the heating 
the bottom layer of the fluid expands 
and thereby becomes less dense than the 
overlying layers. The warmer and l ight
er bottom layer then tends to rise and 
the cooler top layer tends to sink. This 
much at least was known by the 18th 
century. It  may therefore come as a sur
prise that the formulation of a detailed 
and quantitative account of convection 
has proved a lasting challenge to the in-

genuity of theorists. Indeed, even the 
simplest system undergoing vigorous 
convective motion cannot yet be given 
an exact mathematical description. 

The nature of the theoretical d ifficul
ties can be suggested by considering 
again the case of a fluid layer heated 
from below. The force that drives the 
convective flow in such a fluid is the 
buoyancy of the heated layer, and the 
magnitude of this force is determined by 
the difference in temperature between 
the top and the bottom of the layer. 
The complexity of the matter becomes 
apparent when one recognizes that 
the temperature d istribution is greatly 
altered by the convective flow itself, 
which carries heat from the bottom of 
the layer to the top. Thus the force that 
drives the flow is subject to modification 
by the flow. 

Although exact solutions to problems 
I\.. such as this one are still lacking, 
substantial progress toward a general 
theory of convection has been made 
in the past two decades. The advances 
have come about in large part through 
the adaptation of ideas and mathe
matical techniques developed in other 
realms of physical science, most notably 
the study of phase transitions, of ferro
magnetic materials and of superconduc
tors. These methods lead to an analysis 
of the stability of various modes of mo
tion in the fluid and hence to predictions 
of which modes are the most l ikely to be 
observed. The results are only approxi: 

mate, but in some instances the approx
imation is a close one. It offers some 
hope of explaining what goes on in a 
s immering broth. 

CONVECTION CELLS with a characteristic polygonal geometry arise spontaneously when a 
thin layer of fluid is heated from below. The evolution of the pattern over the course of a few 
hours is traced in the photographs at the top of the opposite page; the bottom photograph shows 
the fully developed pattern. Initially the cells are long "rolls" that follow the boundaries of the 
layer; the rolls give way to polygons, which tend toward a regular hexagonal form and are inde
pendent of the boundaries. In each cell the fluid rises in the center and sinks at the periphery. 
The circulation is driven largely by forces associated with surface tensi.on, and in most fluids it 
assumes this form only when the upper surface is free. The photographs were made in the lab
oratory of one of the authors (Velarde) at the Autonomous University of Madrid. The fluid 
is a silicone oil in which flakes of alumirium have been suspended to make the flow visible. 

The kind of convective transport we 
shall discuss here is called natural or 
free convection, meaning that the flow is 
a response to forces acting within the 
body of the fluid. The force is most of
ten gravity, but there are circumstances 
where some other agency, such as sur
face tension or an electromagnetic field, 
plays a significant or even a primary 
role. Natural convection is defined in 
contradistinction to forced convection, 
where the fluid motion is induced by a 
force imposed externally, for example 
by a pump or a fan. 

One of the earliest descriptions of 
natural convection was written in the 
1790's by Benjamin Thompson, Count 
Rumford. He introduced the idea to ac
count for the transport of heat in an ap
ple pie. There had been earlier proposals 
of a convective mechanism for atmo
spheric circulation, and a number of an
ecdotal reports were added to the l itera
ture throughout the 19th century. It  was 
not until about 1900, however, that sys
tematic investigations were undertaken. 
The most influential experimental work 
in that era was done by the French inves
tigator Henri Benard. He studied a con
vective system that was more compli
cated than he. knew, and its true nature 
was only recently recognized. Benard's 
observations and their modern interpre
tation will be taken up below. 

The preeminent theorist of convec
tion in the early 20th century was John 
William Strutt, Lord Rayleigh. Among 
his last works was an article on convec
tion, published in 1916, that attempted 
to explain Benard's results. It  is now 
known that Lord Rayleigh's theory does 
not apply to the system examined by 
Benard; nevertheless, Lord Rayleigh's 
work is the starting point for almost all 
modern theories of convection. 

Lord Rayleigh's theory can be ex
plained in the context of a model experi
ment that employs a fluid with some
what simpler properties than any real 
gas or l iquid. A thin layer of the fluid is 
confined between two flat, rigid, horizon
tal plates and completely fills the space 
between them, so that there is no free 
surface. What is meant by a thin layer is 
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IMBALANCE OF FORCES is needed to initiate a convective ftow. The forces can be ana
lyzed in a hypothetical experiment where a thin layer of ftuid between two rigid plates is heat
ed from below, generating a gradient in temperature and density. If a parcel of warm ftuid 
from near the bottom of the layer is displaced upward slightly, it enters a region of greater aver
age density and is therefore subject to an upward buoyant force. Similarly, if a parcel of cool 
ftuid from near the top of the layer is displaced downward, it becomes heavier than its sur
roundings and tends to sink. The buoyancy force is opposed by viscous drag and by heat dif
fusion, which tends to equalize the temperature of a displaced parcel and its environment. :rhe 
relative importance of these inftuences is measured by the dimensionless ratio called the Ray
leigh number. Convection begins when buoyancy overcomes the dissipative effects of viscous 
drag and heat diffusion, or in other words when the Rayleigh number exceeds a critical value. 
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that the horizontal extent of the layer is 
much greater than its depth (which 
is equal to the separation between the 
plates). The assumption that the layer is 
thin is intended to minimize the influ
ence of the boundaries at the edges of 
the plates, which do not explicitly enter 
into the theoretical description. Ideally 
the layer would be of infinite horizontal 
extent; ip practice a layer several centi
meters across and a few millimeters 
deep fulfills the requirements. 

The apparatus is to be heated from 
below in such a way that the bottom of 
the layer has a constant and uniform 
temper.ature. Similarly, heat is with
drawn at the top of the layer in such a 
way that the temperature there is also 
constant and uniform but is lower than 
at the bottom. It  follows, of course, that 
the temperature d ifference between the 
top and the bottom is also constant and 
uniform. Furthermore, the temperature 
gradient-the change In temperature 
corresponding to a given change in ver
tical position-is required to be linear, 
meaning that a graph of temperature v. 
height is a straight l ine. 

Just a few more simplifying assump
tions must be added to this list. One is 
that gravity is the only force acting with
in. the fluid. Since practical experiments 
are of modest scale, the gravitation
al field will be essentially uniform 
throughout the volume. The fluid must 
also be incompressible; for liquids, if the 
depth is not great, that is a realistic as
sumption. Finally, a most important 
feature of the model is that only one 
property of the fluid is d irectly altered 
by the variation in temperature. This 
property is the density, which declines 
as the temperature rises. In other words, 
the fluid expands when it is heated, 
which is the usual relation for real gases 
and liquids. 

There is a well-defined theoretical 
method for investigating the effects 

of the temperature gradient in this hypo
thetical experiment. First one is to imag
ine that a parcel of fluid has been d is
placed upward or downward from its 
original position; then the forces acting 
on the displaced parcel are to be ana
lyzed. It  is these forces that will deter
mine all subsequent motions in the fluid. 
The parcel can have any size and shape, 
but the displacement must be small. 
(Formally, the Rayleigh theory holds 
only for d isplacements that are infini
tesimal, or of vanishingly small magni
tude.) The initial displacement need not 
be a response to any imposed force; 
s ince the molecules of a fluid are con
stantly in motion, their positions fluctu
ate randomly, and any small displace
ment can be expected to occur spontane
ously if one waits long enough. 

Consider a small parcel of fluid near 
the bottom of the layer. Because of the 
elevated temperature at the bottom the 
parcel has a density that is less than the 
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average density of the entire layer. As 
lorig as the parcel remains in place, how
ever, it is surrounded by fluid of the 
same density, and so it has neutral buoy
ancy. All forces acting on it are in bal
ance, and it neither rises nor sinks. 

Suppose now that through some ran
dom perturbation the parcel of fluid is 
given a slight upward motion. What ef
fect does the displacement have on the 
balance of forces? The parcel now is sur
rounded by cooler and denser fluid. As a 
result it has positive buoyancy, so that 
it tends to rise. The net upward force 
is proportional to the density difference 
and to the volume of the parcel.  Thus 
an initial upward displacement of the 
warm fluid is amplified by the density 
gradient, and the amplification gives rise 
to forces that cause further upward 
movement. A similar analysis could be 
made for a sl ight downward displace-

ment of a parcel of cool, dense fluid near 
the top of the layer. On moving down
ward the parcel would enter an environ
ment of lower average density, and so 
the parcel would become heavier than 
its surroundings. It would therefore tend 
to sink, amplifying the initial perturba
tion. Natural convection is the result of 
these combined upward and downward 
flows, and it tends to overturn the entire 
layer of fluid. 

The implication of this analysis is that 
convection should be observed in the 
flui'd whenever there is a temperature 
gradient, no matter how small it is. Even 
in an infinitesimal gradient any ran
dom upward motion of the warm fluid 
or downward motion of the cool fluid 
would seem to be enough to establish a 
flow. Actually such extreme sensitivity 
is not observed; instead the temperature 
gradient must reach a certain threshold 

value before the convective flow begins. 
It was Lord Rayleigh's most significant 
contribution to explain why this is so. 

Lord Rayleigh pointed out that a the
ory of convection must take into ac
count at least two other influences on 
the motion of a fluid particle. One of 
these is viscous drag, the fluid equiva
lent of friction. The drag force is always 
directed opposite to the motion of the 
fluid, and its magnitude is determined in 
part by an intrinsic property of the fl uid, 
the shear viscosity, which measures the 
resistance to relative motion of any two 
adjacent regions. If the velocity is not 
too great, the magnitude of the drag 
force is proportional to the viscosity 
multiplied by the radius of the parcel 
and the velocity. Clearly if the viscous 
drag is equal to the buoyant force, there 
can be no motion. 

The second disruptive influence con-

ROLL-SHAPED CELLS are a stable configuration in convection 
driven by buoyancy forces rather than by surface tension. The funda
mental unit of the pattern consists of two rolls that rotate in opposite 
directions; the width of this unit is twice the depth of the fluid layer. 

The planform of the pattern depends strongly on the boundaries of 
the layer. In a rectangular container the rolls are parallel to the short
er sides; in a circular container they form concentric rings. A stable 
roll pattern is usually observed only when the fluid has no free surface. 
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st itutes an adjustment for the fact that 
convection is not the only mode of heat 
transport in a fluid. Radiation and con
duction, or heat diffusion, can also carry 
heat. At the comparatively low temper
atures of most convection experiments 
radiation makes such a small contribu
tion that it can be ignored. Heat diffu
sion, however, is not always negligible; 
it tends to dissipate the temperature gra
dient that drives the convective flow. 

The effect of heat diffusion can be ex
plained by considering again a par

cel of warm fluid displaced upward 
from its equilibrium position into a 
cooler environment. According to the 
fundamental definition of heat, the mol
ecules in the warm parcel must have a 
higher average speed than those in the 
surrounding cooler fluid. Molecules can 
freely cross the boundary that defines 
the parcel, and the effect of many such 
exchanges in both directions will be to 
equalize the average speeds of the two 
populations. In other words, heat will 
flow out of the displaced warm parcel, 
so that the parcel cools off and the sur
rounding fluid warms up, until eventual
ly they reach equilibrium at the same 
temperature. For a parcel of cool fluid 
displaced downward the heat flow is in 
the opposite direction: from the warm 
environment into the cool parcel. In ei
ther case as the local temperature differ
ence is reduced so is the buoyant force 
derived from it. 

The time required for a fluid parcel to 
reach thermal equilibrium with its sur
roundings depends in part on a property 
of the fluid, the thermal diffusivity. The 
time scale of this process is inversely 
proportional to the diffusivity constant 
and directly proportional to the surface 
area of the parcel. If this thermal-diffu
sion time is comparable to the time re
quired for the parcel to move some 
characteristic distance, such as its own 
diameter, the buoyant force will be 
abolished. In other words, if the fluid 
moves no faster than it loses heat 
through diffusion, a convective flow 
cannot be sustained. The heat input to 
the system through the bottom plate is 
then carried through the fluid layer by a 
purely conductive or diffusive mecha
nism, without any bulk motion. 

Lord Rayle igh's analysis shows that 
the mere existence of a temperature gra
dient is not enough to ensure the onset of 
convective flow. It is necessary for the 
buoyancy resulting from this gradient to 
exceed the dissipative effects of viscous 
drag and heat diffusion. The gravitation
al potential energy liberated by the sink
ing of denser fluid and the rising of light
er fluid must be greater than the energy 
dissipated by drag and diffusion. The re
lation of these effects can be expressed 
as a dimensionless ratio: the buoyant 
force divided by the product of the vis
cous drag and the rate of heat diffusion. 
The ratio is dimensionless in that all the 
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units of measurement associated with 
the three quantities cancel exactly, leav
ing a pure number whose value is the 
same no matter what system of units is 
adopted. The ratio is now called the 
Rayle igh number. Convection begins 
when the Rayleigh number exceeds a 
critical value. 

The meaning of the Rayle igh number 
can be stated more precisely through an 
examination of the stability of various 
possible modes of motion in the fluid. It 
is convenient to define stability in terms 
of a potential curve or potential surface, 
which gives the energy of a system as a 
function of some variable. The system is 
usually found in whatever state has the 
minimum energy, which corresponds to 
the lowest point on the potential surface. 

It is easy enough to imagine a tangible 
model of a potential surface, namely a 
hemispherical bowl with a marble in it. 
In equilibrium the marble remains at 
rest at the bottom of the bowl, where its 
gravitational potential energy is lowest. 
If some random perturbation then dis
places the marble slightly, it will roll 
back toward its equilibrium position; 
perhaps it will overshoot the bottom of 
the surface and oscillate about it, but the 
dissipative effects of friction will even
tually damp out the oscillations and at 
some future time the marble will again 
be found at rest at the point of minimum 
energy. Because a marble at the bottom 
of the bowl returns to its original posi
tion after a perturbation it is said to be in 
stable equilibrium. 

Another model potential surface is 
formed by turning the hemispherical 
bowl upside down and carefully balanc
ing the marble at its apex. This is also a 
state of equilibrium in that all forces 
acting on the marble are in balance, and 
in the absence of any disturbance the 
marble might remain motionless indefi
nitely. In practice, however, some exter
nal influence (say a breeze or a passing 
truck) will always disturb this precari
ous balance if the experimenter waits 
long enough. After such a perturbation 
the marble does not return to the point 
of equilibrium but instead departs far
ther and farther from it. No matter how 
small the initial disturbance is, the mar
ble will eventually be found at a large 
distance from the center. The perturba
tion is amplified, and so the state of 
equilibrium is said to be unstable. 

There is a third possibility :  the marble 
might also be placed on a flat surface. In 
this case when the marble is moved, it 
neither returns to its original position 
nor continues moving farther away. It 
simply remains at equilibrium in its new 
position. On a flat potential surface ev
ery point is said to represent a state of 
neutral or marginal stabil ity. 

A little further thought devoted to this 
model potential surface suggests 

that the absolute stabil ity of a system 
can be demonstrated only by testing its 

response to all possible perturbations. 
For example, a marble inside the bowl 
will return to the center after an infini
tesimal disturbance or even after a small 
but finite one. It will not return to its 
starting point, however, if the perturba
tion is large enough to propel it entirely 
out of the bowl. Because an infinite num
ber of possible disturbances would have 
to be checked, it is difficult to prove 
that a state of equilibrium is stable; in
stability, on the other hand, can be dem
onstrated by exhibiting a single pertur
bation that grows spontaneously. 

The application of these ideas to the 
convection problem is straightforward. 
It is easily shown that a motionless fluid 
layer heated uniformly from below is 
in an equilibrium state, even if viscous 
damping and heat diffusion are neglect
ed. Although the l ighter portion of the 
fluid is overlain by denser material, so 
that the gravitational potential energy 
could be reduced by interchanging these 
positions, in the absence of perturba
tions all the forces acting on any given 
parcel of fluid are in balance. The ques
tion a theory of convection must answer 
is whether the equilibrium is stable or 
unstable or exhibits neutral stabil ity. In 
other words, the theory must define the 
shape of the potential surface. 

It is the value of the Rayleigh number 
that determines the curvature of the po
tential surface. If the Rayleigh number 
is zero, say because the temperature gra
dient and the buoyant force are zero, the 
motionless state is obviously stable and 
the potential surface is concave upward, 
like the inside of a bowl or a trough. 
Setting the fluid in motion requires an 
increase in its energy. If the Rayleigh 
number is very large, on the other hand, 
so that buoyancy overwhelms all dissi
pative effects, the fluid can reduce its 
total energy by establishing a convective 
flow. Any perturbation of the stationary 
equilibrium will then be amplified. Thus 
the potential surface slopes downward 
like an inverted bowl. 

Continuity demands that there be 
some value of the Rayleigh number 
intermediate between these extremes 
where buoyancy and the dissipative 
forces are of equal magnitude. This is 
the critical Rayleigh number, and it des
ignates the fiat, transitional potential 
surface of neutral stabil ity. As the Ray
leigh number increases from zero (be
cause of an increasing temperature gra
dient, for example) the potential surface 
starts out concave and grad ually flat
tens; at the critical Rayleigh number it 
is perfectly flat, and as the number con
tinues increasing the surface becomes 
convex. Not until the critical value is 
exceeded does the motionless equil ibri
um become unstable. For the model ex
periment considered here, calculations 
indicate a critical Rayleigh number of 
1,708. In a typical laboratory experi
ment, where the fluid is a layer of sili
cone oil a few mill imeters thick, the crit-
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INITIAL,STATE OF EQUILIBRIUM 

PERTURBED STATE 

FINAL STATE 

STABILITY INSTABILITY NEUTRAL STABILITY 

INFINITESIMAL PERTURBATION 

STABILITY OF A PHYSICAL SYSTEM can be judged from its re
sponse to an arbitrary perturbation, such as a small displacement of 
a marble at rest on a surface. If the surface is concave, the marble 
eventually returns to its equilibrium position at the bottom of the 
bowl, and so that position is said to be one of stable equilibrium. On 
a convex surface the marble can be balanced at the apex, but the equi
librium there is unstable: the slightest disturbance is amplified as the 

FINITE PERTURBATION 

marble reduces its potential energy by rolling downhill. On a flat sur
face the marble neither returns to its starting position nor moves far
ther away from it; the surface exhibits neutral stability. A system can 
be stable with respect to some perturbations but not others, as in the 
case of a surface with both concave and convex regions. In a simple 
fluid a necessary condition for the onset of convection is an unsta
ble distribution of some property such as density or surface tension. 
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ical Rayleigh number is reached when 
the temperature gradient is a few de
grees Celsius. 

The hypothetical experiment this ac
count of Lord Rayleigh's theory is based 
on includes many simplifying assump
tions, some of which are known to be 
contrary to fact. The theory is nonethe
less remarkably successful in predicting 
the conditions necessary for the onset 
of convection in real fluids. For exam
ple, exper iments by Peter L. Silveston 
of the University of British Columbia 
and by Ernest L. Koschmieder of the 
University of Texas at Austin have yield
ed values for the critical Rayleigh num
ber of 1,700 ± 50, in good agreement 
with the theoretical value. 

The balance of buoyant and dissipa
tive forces provides a criterion for 

the onset of convective instability, but 
what is observed in the model experi
ment once the flow is under way? The 
Rayleigh theory supplies only limited 
guidance in answering this question, and 
even the more comprehensive theories 
to be discussed below cannot account 
for all the observed features of fully de
veloped convective circulation. If the 
evolution of the flow cannot be deduced 
mathematically, however, at least a 
qualitative description is possible. 

In a fluid layer heated uniformly from 
below, the temperature gradient should 
be independent of horizontal position 
and so should the resulting buoyant 
force. When the critical Rayleigh num
ber is exceeded and the motionless eq ui
librium becomes unstable, the warm 
fluid therefore tends to rise everywhere 
and the cool fluid tends to sink every
where. Both things obviously cannot 
happen at once: at any point the fluid 
can be ascending or descending, but it 
cannot move in both d irections at the 
same place and time. This impasse is 
avoided by the spontaneous division of 
the layer into a pattern of convection 
"cells," in each of which the fluid circu
lates in a closed orbit. 

STABILITY OF A FLUID with respect to 
buoyancy-induced convection is determined 
by the value of the Rayleigh number. If the 
number is subcritical, any perturbation is 
damped out; if the number exceeds the criti
cal value, a perturbation grows continuously. 
The system is most sensitive to perturbations 
with a particular wave number, or scale of 
length, corresponding to twice the depth of the 
fluid layer. The difference between the actual 
Rayleigh number and the critical number de
termines the value of a parameter, A; in the 
theory devised by Lord Rayleigh the velocity 
of the convective flow depends exponentially 
on A. If A is negative, the velocity decays to 
zero; if A is equal to zero, the velocity remains 
steady; if A is positive, the velocity grows con
tinuously. Because A is a complex number and 
can have an imaginary value the flow can 
oscillate, a phenomenon called overstability. 
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Theoretical arguments give a tenta
tive indication of the favored scale of 
the individual elements in the convec
tion pattern. These arguments are de
rived from the varying sensitivity of the 
marginally stable state to perturbations 
with d ifferent scales of length. One must 
be careful here to avoid confusing the 
amplitude of a perturbation, which in 
the model experiment corresponds to 
the vertical displacement of a fluid par
cel, with the scale of the perturbation, 
which measures the size of the parcel. If 
the Rayleigh theory is to yield meaning
ful results, the amplitude must always 
be infinitesimal, whereas the scale can 
be as large as the dimensions of the ap
paratus will allow. 

It is customary to express the scale of 
a perturbation in terms of a wave num
ber, which is the reciprocal of a length. 
This practice reflects the fact that the 
geometry of a disturbance is generally 
complicated, so that it does not have 
a single, clearly defined size; the dis
turbance can be decomposed, however, 
into a spectrum of fundamental modes, 
or spatial frequencies, j ust as a complex 
sound can be analyzed into a combina
tion of pure tones. A wave number rep
resents the contributions of a particular 
scale of length to the random fluctua
tions. Larger wave numbers correspond 
to smaller scales. 

The stability of the motionless steady 
state is vulnerable to being upset by dis
turbances at some wave numbers more 
than it is at others. One can imagine an 
experiment in which the critical Ray
leigh number is measured in a fluid 
whose fluctuations can be controlled in 
such a way that they are always charac
terized by a single wave number. Such 
an experiment would reveal that insta
bil ity sets in soonest when the wave 
number describes perturbations with a 
horizontal dimension of about twice the 
fluid depth. For wave numbers that are 
e ither larger or smaller more extreme 
conditions (a larger Rayleigh number) 
are required to induce convection. The 
calculated value of 1,708 for the critical 
Rayleigh number is the value found 
when the fluctuations are of the opti
mum size. 

The sensitivity of the fluid to dis
turbances at a particular scale implies 
that those disturbances will be amplified 
sooner than any others when the layer 
becomes unstable. Therefore the pat
tern observed when convection begins 
might be expected to have features at 
about this scale. It is not obvious that 
those features will persist once the con
vective flow is fully developed, but it 
turns out they do, provided the Rayleigh 
number does not exceed the critical val
ue by too large a margin. 

The wave number specifies the overall 
scale of the pattern but not its detailed 
form; convection cells of many different 
shapes could be constructed so that they 
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VARIATIONS IN SURFACE TENSION alter tbe pattern of convective transport in a fluid 
witb a free surface. Tbe magnitude of tbe surface tension varies witb temperature, being great. 
est wbere tbe fluid is coolest. Hence any difference in temperature across tbe surface gives rise 
to a gradient in surface tension. Tbe motionless state becomes unstable if tbe gradient is large 
enougb to overcome tbe dissipative effects of viscosity and beat diffusion. Tbe magnitude of 
tbe tension is represented bere by tbe density of tbe batcbing. Fluid is pulled along tbe surface 
toward cooler regions of greater surface tension and is replaced by warmer fluid from below. 

had the same wave number. The pattern 
actually observed depends strongly on 
the geometry of the experimental ap
paratus. The pattern cannot now be de
d uced from first principles, but there 
are well-established empirical rules that 
make reliable qualitative predictions. 

In experiments such as the hypotheti
cal one described here, where the upper 
and the lower surfaces are constrained 
by rigid boundaries, the basic element of 
the pattern is a "roll," which has a long, 
tubular form. Warm fluid rises along 
one edge of the roll, traverses the up
per surface and thereby loses its heat, 
then plunges to the bottom of the lay
er along the opposite edge. The circu
lation then carries the fluid across the 
lower boundary, where its temperature 
is raised again. Adjacent rolls have an 
opposite sense of rotation. 

When a roll is viewed in cross section, 
its form is approximately square: the 
width is equal to the height, and the 
height, of course, is determined by the 
depth of the fluid layer. Thus the pro
portions of the roll are constant, but the 

size depends on the fluid depth. Because 
the repeating unit in this pattern consists 
of two rolls rotating in opposite d irec
tions the scale of the pattern is properly 
defined as the width of two rolls. Hence 
the scale is eq ual to twice the fI uid depth, 
in agreement with the predictions of the 
wave-number analysis. 

The planform of the cellular pattern 
(its appearance from above) is deter
mined largely by the shape of the appa
ratus. Because details of this kind do not 
directly enter into the theory the plan
form cannot readily be derived from 
it; experimental observation, however, 
gives an ample basis for prediction. If 
the container is rectangular, the rolls 
tend to be aligned parallel to the shorter 
sides. The width of each roll and hence 
their number is of course determined by 
the depth of the layer. In a circular ves
sel the rolls form concentric rings. 

As was pointed out above, Lord Ray
£\.. leigh's analysis of convection was 
inspired mainly by experimental obser
vations Benard made in about 1900. It 
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is now known that the Rayleigh theory 
is not the appropriate one for the con
vective mechanism investigated by Be
nard. The experimental conditions Be
nard employed differed in a subtle but 
cr ucial way from those described here, 
and the importance of the change is im
med iately apparent in the pattern of the 
convective flow. In Benard convection 
the rolls imposed by the geometry of the 
apparat us may appear transiently when 
the flow is j ust beginning, but they soon 
give way to a more complicated pattern: 
a polygonal tessellation of the fl uid sur
face. In itially the polygons are some
what irreg ular, having from four to sev
en sides, although the mean number is 
six. When the pattern is fully developed, 
it becomes an almost perfect array of 
reg ular hexagons, arranged as in a hon
eycomb. The center of each hexagonal 
cell is a region of upwelling warm fluid, 
which spreads out over the upper sur
face and sinks at the perimeter, where 
adjacent cells are joined. 

In the Benard experiments, as in 
the hypothetical experiment described 
above, the fluid forms a thin layer that is 
heated from below. The cr ucial change 
is that the layer is not confined between 
two rigid boundaries but instead is open 
to the air at its upper surface. Since the 
surface is free, surface tension can affect 
the flow; indeed, surface tension is now 
recognized as the dominant influence in 
Benard convection, being more impor
tant than the buoyant force. It  is there
fore no surprise that the Rayleigh theo
ry, in which buoyancy is explicitly as
sumed to be the only force operating, is 
inadequate to explain convection of this 
kind. The predictions of the Rayleigh 
theory are in error even for such fund a-

mental quantities as the temperature 
gradient needed to initiate convective 
flow. A successful alternative theory 
was not introd uced until 1958, by J. R. 
A. Pearson of the Imperial College of 
Science and Technology in London. 

S urface tension is the cohesive force 
whose net effect is to minimize the sur
face area of a fluid. For example, a free 
drop of liquid tends to assume a spheri
cal form under the influence of surface 
tension, since that is the configuration 
of minimum area. The tension can be 
imagined as a network of stretched elas
tic bands extending in all d irections over 
the free surface. If at any point the 
forces exerted by the various bands are 
not in balance, the s urface layer will 
flow toward the region of greater ten
sion until equilibrium is established. 
The surface flow is communicated to the 
bulk of the fluid as a result of its shear 
viscosity. 

Surface tension can act as the prop ul
sive force in a convective flow because 
the tension varies with temperature: like 
density, the surface tension is red uced as 
the temperature increases. Therefore 
any temperature gradient established 
across the surface of the liquid will be 
accompanied by a gradient in surface 
tension. The cooler regions will exhib
it stronger surface tension and in the 
warmer regions the tension will be re
d uced. If the surface-tension gradient 
leads to an imbalance of forces, a flow 
will result. 

The onset of convective instability in 
the Benard system can be analyzed in 
much the same way that the onset of 
a b uoyancy-ind uced flow is analyzed. 
Suppose a parcel of warm liquid is dis
placed upward through some random 

TESSELLATION OF THE SURF ACE with hexagonal cells is a characteristic feature of con
vection driven by a gradient in surface tension. Where the tension is greatest the surface be
comes puckered, so that its area is reduced. Over the ascending plume in the center of each cell 
the surface is depressed; the fluid must flow uphill before descending at the edge of the cell. 
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fl uctuation. Whether or not this motion 
is sustained by b uoyant forces, it will 
have an effect at the surface of the lay
er, slightly raising the temperature and 
thereby red ucing the surface tension in 
the area directly over the fl uct uation. 
Nevertheless, forces at the surface re
main in equilibrium because the sur
rounding surface pulls equally on this 
region in all directions. In order to ini
tiate the flow a second perturbation is 
required, causing a horizontal displace
ment of some small element of the sur
face in the area of red uced tension. The 
tensile forces acting on the displaced el
ement are then out of balance, and if the 
surface-tension gradient is large enough, 
the displacement will be amplified. The 
surface element will be p ulled into the 
cooler region of higher tension, and it 
will drag part of the bulk fl uid with it. 
More liquid will therefore be drawn up 
from the warmer, underlying strata, re
inforcing the surface gradients in tem
perature and tension. Meanwhile fl uid 
that has cooled d uring its transit across 
the surface will begin to sink and the 
cell ular pattern will be established. 

As in buoyancy-driven convection, 
the mere existence of a temperature gra
dient does not guarantee that a convec
tive flow will be sustained. The gradient 
m ust be large enough to overcome the 
dissipative effects of viscous drag and of 
heat diffusion. The balance of these ef
fects in the Benard system is expressed 
through another dimensionless ratio, in 
this case named after the 19th-century 
Italian investigator C. G. M. Maran
goni. The formula for the Marangoni 
number is the same as that for the Ray
leigh number except that the buoyant 
force is replaced by the s urface-tension 
force; in other words, the Marangoni 
number is the ratio of the surface-ten
sion gradient to the prod uct of viscous 
drag and heat diffusion. Benard convec
tion sets in when the Marangoni number 
exceeds a critical value. 

An intriguing feature of convection 
driven by surface-tension gradients is 
that it alters the contour of the surface. 
Regions of enhanced surface tension 
tend to pucker, so that they red uce their 
total exposed area. The consequences of 
this effect are contrary to intuition. In 
the center of a Benard cell ,  where the 
fl uid is rising, the surface is depressed; at 
the edges of the cell,  where the fl uid is 
falling, the surface is raised. Gravita
tional forces oppose the formation of 
the surface cusps, since the gravitational 
potential energy is minimized by a flat 
surface. Thus the interactions of grav
itation and s urface tension are subtle 
and complex. A theory that incorpo
rates both b uoyant and surface-tension 
forces was formulated in 1964 by D. A. 
Nield of the University of A uckland. 

The predominance of surface tension 
in Benard convection has now been es
tablished beyond doubt. One unequivo-
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THE 100 MPH 
FASTBALL. 

The baseball manager wants it. 
So does the information sy stems 

manager. 
What is it? 
Speed. 
The baseball manager dreams of 

finding a pitcher who can throw a 100 
mile per hour fastball consistently. 
Because that fastball could mean 
more games in the 'win' column. 

The information manager wants 
a computer that can do calculations 
in billionths of a second. Because that 
kind of speed could mean more pro
ductivity at lower cost. 

Today, a good major league fastball 
pitcher can throw 94-98 mph. At that speed, it 
takes nearly half a second for the ball to reach the batter. In that flash of time, 
today 's IBM 3033 computer can execute about 1 Yz million multiplications. 

Someday, the 100 mph fastball will be a reality. 
And someday, computers using circuits now in an experimental phase 

may be able to perform up to 40 million calculations in the time it takes that ball 
to reach the plate. 

This is what we're working for at IBM -products that perform faster 
and are cheaper to use. 

Innovation is increasing. Cost of computer use is decreasing. This adds 
up to more productivity for our customers. 

And that's the best way to play the game. � � �i"fi" 

© 1980 SCIENTIFIC AMERICAN, INC



Two sf'!Irk plufls meet stringent 
Calif. emissIons standards. 

Other states use one. 

EST. AO EST. /31/ EST.' AIIJ EST. 
MPG "1 HWY. MPG "tiI HWY. 

1980 Datsun 200-SX 1980 Datsun 510 Hatchback 
EPA estimates for comparison. Standard S-speed manual. 

Actual mileage may differ depending on speed, trip length and weather. Actual highway mpg wilt probably be less. California mileage lower. 

© 1980 SCIENTIFIC AMERICAN, INC



cal demonstration is that the character
istic hexagonal convection cells appear 
even·when the fluid layer is heated from 
above rather than from below. Under 
those circumstances the density gradient 
opposes convective flow, so that the 
forces resulting from the surface-ten
sion gradient must overcome it. Convec
tive flow attributed to surface tension 
was also observed in experiments con
ducted during two of the Apollo space
flight missions, where gravity and buoy
ancy were negligible. 

The Rayleigh theory and theories 
modeled on it give approximations 

of the conditions req uired for the onset 
of convection. What happens once the 
flow has been established? In describ
ing such fully developed convective mo
tions theories of this kind are much less 
satisfactory. 

In the Rayleigh theory the velocity of 
the flow is given by an exponential func
tion: the velocity is proportional to Eu
ler's number, or e (which has a numeri
cal value of about 2.7), raised to some 
power. The exponent is equal to the 
time, t (measured in seconds, say, from 
some moment of reference), multiplied 
by a coefficient, A, determined by the 
Rayleigh number. Hence the velocity is 
proportional to eAt. The predictions of 
the theory can be catalogued by observ
ing the evolution of this expression for 
different values of A. 

If the Rayleigh number is less than the 
critical Rayleigh number, A is negative. 
As time passes, therefore, the velocity 
is given by progressively larger nega
tive powers of e; under these conditions 
the value of the exponential approaches 
zero as t increases. In other words, the 
velocity decays to zero, and any random 
motions of the fluid are damped out. 
When the Rayleigh number is exactly 
equal to the critical value, A is zero, and 
so the exponent At is zero for all time. 
Any number raised to the zero power is 
equal to 1, which implies that the distur
bance is neither damped nor accelerated 
but retains its initial value forever. 

Both of these predictions are in ac
cord with intuition and with the analysis 
of the fluid layer's stability. A negative 
value of A corresponds to the stable 
motionless state; the value A = 0 spec
ifies marginal stability. The interpreta
tion of the theory becomes problemati
cal, however, when the Rayleigh num
ber is greater than the critical value and 
A is positive. This is j ust the condition 
under which a convective flow can be 
established. 

When A is greater than zero, the power 
to which e is raised increases continu
ously with time,  and the expression dis
plays the well-known characteristics of 
exponential growth. If A is equal to + 1 
and the initial velocity is one centimeter 
per second, then after one second the 
speed will have increased to 2.7 centi-

ASCENDING PLUME of warm fluid creates a gradient in surface tension along the interface 
between two liquids. The depression in the surface marks the point of minimum tension, and 
fluid is drawn along the interface to the right and left away from this point. The circulation of 
the bulk fluid is driven by the surface traction. A similar mechanism operates in a fluid whose 
surface is open to the air. The photograph was made by H. Linde of the Central Institute for 
Physical Chemistry in Berlin. Particles of plastic suspended in the liquids make the flow visible. 

meters per second and after two seconds 
it wil l  have reached 7.4 centimeters per 
second. The velocity grows without l im
it ,  which quickly leads to absurd predic
tions; for example, the predicted con
vection current reaches the speed of 
light in less than half a minute. 

The dependence of the flow velocity 
on the value of A has been presented 
here in a simplified form. In general A is 
a complex number, one having both a 
real part and an imaginary part; the lat
ter includes as a factor the square root 
of -1. We have .considered so far only 
the variation in the real part of A. If 
the imaginary part is not zero, oscilla
tory flows can arise, a condition called 
overstability. Such oscillating currents 
have been observed in real fluids, and 
they make up an interesting subclass of 
convective phenomena. In the model de
scribed by the Rayleigh theory, how
ever, the imaginary part of A vanishes 
and the problem of exponential growth 
must be confronted directly. 

The increase in the speed of a con
vective flow obviously cannot contin
ue very far along the exponential curve. 
For this reason the predictions of the 
Rayleigh theory can be considered real
istic only when the Rayleigh number is 
near the critical value (so that A is small) 
or only for a short interval after the on
set of convection (so that t is small). The 
physical source of these limitations lies 
in the simplifying assumptions that were 
adopted in developing the theory. In 
particular the temperature gradient was 
assumed to be constant and therefore 
unaffected by the convective circula
tion. This assumption is clearly contrary 

to fact: when hot fluid rises into the cool
er upper part of the layer, the tempera
ture d ifference between the upper and 
lower boundaries is reduced. The buoy
ancy force is reduced in proportion, so 
that the flow is self-limiting. This mech
anism of self-limitation, however, does 
not appear in the mathematics of the 
Rayleigh theory. There the temperature 
gradient remains constant no matter 
how rapid the flow is, and the buoyancy 
force supplies the impetus for an accel
eration that continues indefinitely. 

Given this failure, it may seem sur
prising that the Rayleigh theory 

yields acceptable results under any cir
cumstances. It can do so only because 
it includes another assumption, name
ly that the parcel of fluid is never giv
en more than an infinitesimal displace
ment. If this condition is met, the as
sumption of an unvarying temperature 
gradient is quite reasonable. Even a fi
nite but small motion of the parcel can 
cause only a small disturbance of the 
temperature distribution, so that the 
predictions of the theory are still ap
proximately valid. In applying the Ray
leigh theory to a fully developed flow, 
however, the assumptions are violated 
and the predicted evolution of the mo
tion ends in an implausible infinity. 

A workable theory of well-established 
convection must somehow recognize the 
feedback loop through which the flow 
itself alters the force that drives the 
flow. There is no known practical meth
od for solving the problem exactly, but 
there are approximations that do bet
ter than the Rayleigh theory. The one 
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we shall discuss is based on ideas intro
duced in 193 7 by the Russian theorist 
L. D. Landau, who developed his the
ory in order to describe certain kinds 
of phase transitions, such as the onset 
of magnetization in ferromagnetic iron. 
With V. L. Ginzburg, another Russian 
physicist, he later adapted it to the de
scription of superconductivity in metals. 
These phenomena have certain features 
in common with convection; most no
tably, they require that fluctuations in 
structure at many scales of length be de
scribed sim ultaneously. When the Lan
dau theory is adapted to the convection 
problem, it incorporates the Rayleigh 
theory as a first approximation. 

What the theory must provide is an 
equation of motion for the fluid, an 
equation that gives the velocity and ac
celeration of a parcel of fluid for any 
specified combination of externally im
posed conditions. The equation of mo
tion might be constructed directly, but 
the meaning of the Landau theory is 
clearer if instead one defines a potential 
surface, from which the equation of mo
tion can be derived. (The equation of 

motion is simply the eq uation that gives 
the slope of the potential surface. ) 

The potential surface can be conceived 
of as an undulating landscape, where 
height above or below some reference 
plane represents the relative energy of 
the fluid system. The tendency of the 
energy to assume a minimum value im
plies that the point representing the state 
of the system will "roll downhill" when
ever possible. An axis on the reference 
plane defines the line of zero velocity; 
displacements to the right and left of 
this line denote increasing positive (up
ward) and negative (downward) velocity 
of some parcel of fluid. Position along 
the zero-velocity axis is given by the dif
ference between the actual value of the 
Rayleigh number and the critical value; 
this difference can be designated t::.R. 
Thus the value of t::.R and the velocity, 
V, together specify a point on the refer
ence plane; the height of the potential 
surface at the point is the energy of the 
system in that state. 

It is necessary to discuss in some de
tail the equation that specifies the to
pography of the potential surface. The 

POTENTIAL ENERGY � - ';':'RV2 

v 

POTENTIAL SURF ACE associated with the Rayleigh theory defines the relative energy of 
the fluid for any combination of Rayleigh number and velocity. The surface is described by a 
quadratic equation in which the coefficient, t;.R, is the difference between the actual value of 
the Rayleigh number and the critical value. As long as t;.R is negative the zero-velocity axis 
designates the state of minimum energy and a convective flow can be sustained only at the cost 
of increasing the energy. When t;.R is positive, the slope of the surface is reversed and the 
zero-velocity axis defines a state of unstable equilibrium; the fluid can reduce its energy by 
establishing a convective circulation. The major deficiency of the Rayleigh theory is that !lnce 
the flow has begun the velocity continues increasing without bound, an unrealistic prediction. 
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equation can be written as the sum of an 
infinite series of terms, each term in the 
sequence including a higher power of 
the fluid velocity. The first term is a 
quadratic one: - 1/2t::.R V2. In the next 
term the velocity enters as V3, in the 
next as V4, and so on. Each of these 
higher powers of the velocity is to be 
preceded by a coefficient measuring its 
contribution to the form of the surface. 

As might be expected, it is impractical 
to calculate the sum of the entire infinite 
series; even if formal methods for doing 
so were available, the coefficients are 
not known for all the terms. In general, 
however, the coefficients are expected to 
become smaller as the power to which V 
is raised grows larger. Hence there is 
some hope of obtaining reasonable ac
curacy even from a truncated series, one 
in which all terms beyond a certain pow
er of V are neglected. If the velocity is 
not too large, the contributions of those 
higher terms should be small; in particu
lar, if V is less than I in some natural 
system of units, the higher powers of V 
will converge on zero and the approxi
mation will be a good one. 

The Rayleigh theory can be viewed 
as such a truncation of the infinite 

series, one that retains only the first 
term, namely _ 1/2t::.R V2. The surface 
described by this quadratic expression 
has two lobes, each with a parabolic 
cross section; one lobe is concave up
ward and the other is concave down
ward. It is obvious from the equation 
that whenever V is zero (that is, every
where along the zero-velocity axis), the 
relative energy is zero. If the Rayleigh 
number is subcritical, so that t::.R is neg
ative, the surface sweeps upward on 
each side of the axis and the energy in
creases whenever the velocity is greater 
than zero. In other words, the motion
less state is a minimum in the potential 
surface, a state of . stable equilibrium. 
When the Rayleigh number exceeds the 
critical value, so that t::.R is positive, the 
situation is j ust the opposite : the surface 
falls away from the zero-velocity axis, 
which is now a line of unstable equilib
rium and maximum energy. 

These properties of the surface are 
just the ones predicted by the elementa
ry analysis of stability presented above, 
and they incorporate both the strengths 
and the weaknesses of the Rayleigh the
ory. In the immediate neighborhood of 
the origin, where both t::.R and V are 
small, the behavior of the system can be 
correctly inferred from the changing 
curvature of the surface. When t::.R is 
slightly negative, the fluid returns to rest 
after any small perturbation; if t::.R is 
slightly positive, the perturbation is am
plified and a convective flow begins. 
When the Rayleigh number has exactly 
the critical value, so that t::.R is zero, the 
surface is flat and a random fluctuation 
in velocity is neither damped out nor 
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amplified .  At larger values of !!.R and V, 
however, a problem that by now should 
be familiar is encountered once again. 
The potential surface slopes toward 
neglltive infinity, with the result that the 
velocity increases without bound. 

In the Landau theory this flaw can be 
remedied by retaining additional terms 
from the infinite series. Indeed, major 
improvements are possible with just a 
few more terms. For the hypothetical 
experiment from which the Rayleigh 
theory was derived considerations of 
symmetry constrain the choice of terms. 
In that experiment the nature of the c ir
culation would be unchanged if the ap
paratus were cooled from above in
stead of heated from below, or if all 
velocities reversed d irection. This invar
iance implies that the potential surface 
is symmetrical with respect to the zero
velocity axis; such a symmetrical sur
face is described by an equation that in
cludes only even powers of the velocity 
(such as va, V4 and so on). Whenever the 
exponent is an even number, V and - V 
raised to the same power yield the same 
result, whereas the results have opposite 
signs when the exponent is an odd num
ber. Hence all terms in which V is raised 
to an odd power (such as va, V5 and so 
on) must have coefficients of zero. 

Interesting results can be obtained by 
including one more term in the Landau 
potential beyond the quadratic term, 
namely the quartic term 1/. V4. The to
pography of the potential surface is then 
determined by evaluating the expression 
- '12!!.R va + 1/. V4. When !!.R is nega
tive, the surface closely resembles the 
simpler quadratic surface, although the 
energy increases more steeply when the 
velocity departs from zero. When !!.R 
i s  positive, the form o f  the surface i s  sig
nificantly altered .  The energy decreases 
on each side of the zero-velocity axis, 
but the decrease does not continue in
definitely. Instead the energy reaches a 
minimum value and then rises again 
as the velocity increases further. Both 
the depth of the energy minimum and 
the velocity at which the minimum is 
'reached increase as !!.R increases.  

For a l imited range of Rayleigh num
bers and velocities this comparative

ly simple version of the Landau theory 
can give realistic predictions. As before, 
when the Rayleigh number is less than 
critical, any random fluctuation in ve
locity is damped out and the stationary 
state is the state of minimum energy and 
stable equilibrium. At supercritical val
ues of the Rayleigh number a perturba
tion grows larger, but the growth does 
not continue without limit. When the 
fluid reaches some finite velocity, deter
mined by the value of !!.R and corre
sponding to the minimum in the poten
tial surface, a new stable equilibrium is 
attained.  Any departures from this ve
locity are then damped out. 

POTENTIAL ENERGY = -V2�V2 + V.V' -

v 

tJ.R 

- 2  

LANDAU THEORY yields a more realistic potential surface b y  including additional terms in 
tbe equation that defines the surface. In the simplest case, shown here, a quartic, or fourth
power, term is added to the quadratic term of the Rayleigh theory. The motionless steady state 
again becomes unstable when l;.R exceeds zero, but the velocity does not continue growing iu
definitely. Instead there is a minimum in the potential surface at a finite velocity. The theo
ry predicts that a uew equilibrium will be reached at the velocity that minimizes the total en
ergy. A theory of this form was devised in 1937 by L. D. Landau to describe certain phase 
transitions in magnetic materials and has recently been adapted to the convection problem. 

The Landau theory that incorporates 
quadratic and quartic terms avoids 
some of the more spectacular failures 
of the Rayleigh theory, but it is still an 
approximation and it still remains val
id only if the velocity is not too large. 
When V is large, h igh powers of V make 
a significant contribution even if they 
are preceded by a small coefficient; for 
this reason a theory that neglects all the 
higher-power terms cannot accurately 
represent the shape of the potential sur
face far from the zero-velocity axis. 
Moreover, in many convective systems 
one d irection of flow is favored over the 
other, so that the symmetry of the po
tential surface is lost and odd powers of 
V must be included in the equation. 

Both the Rayleigh theory and the Lan
dau theory are derived from hypotheti
cal experiments in which as many prop
erties of the fl uid as possible are con
sidered to be constant. Real fluids are 
rarely this simple, and the interactions 
of the various properties can become 
quite tangled. For example, in the mod
el it was assumed that only density var
ies as a function of temperature. In re
ality, viscosity and thermal d iffusivity 
also change with temperature in most 
fluids. S ince these quantities enter into 
the definition of the Rayleigh number, 

variation in them can have an important 
influence on the onset of a convective 
flow and on its subsequent evolution. It 
was also assumed that the fluid is incom
pressible; because many real fluids are 
compressible pressure becomes a signifi
cant variable, one that in turn affects the 
density and many other properties. A 
relation of notable intricacy connects 
temperature and viscosity. In general 
viscosity declines with increasing tem
perature, but at the same time the ener
gy dissipated through viscous drag ap
pears in the form of heat, and so it  raises 
the temperature. 

A theory that explicitly took into ac
count all the known interactions of fluid 
properties would be too unwieldy to be 
practical. In describing a real fluid sys
tem rather than a mathematical mod
e l  what must be sought is an optimum 
compromise between the complexity of 
the fluid and the complexity of the theo
ry. The nature of the necessary compro
mise can be illustrated with a few exam
ples of convection in the world outside 
the laboratory. 

In the earth's atmosphere convection 
is observed at several scales of length. 
The temperature gradient between the 
Tropics and the poles drives a global 
circulation, which can be decomposed 
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into at least three large convective cells 
in each hemisphere . Distortions of these 
patterns caused by the rotation of the 
earth give r ise to the trade winds of 
the Tropics and the prevail ing wester
lies of the temperate zones .  Local heat
ing of the atmosphere near the earth's 
surface gives rise to smaller-scale con
vective flows, incl uding those of most 
storms. Cumulus clouds, which form 
when warm air rises and cools and there
by becomes supersaturated with mois
ture, often mark the convective over
turning of the atmosphere. 

A theoretical analysis of atmospheric 
convection must take into account the 
large compressibility of air, which gives 
rise to a density gradient even when the 
temperature is constant with height. An 
accurate description of the atmospheric 
circulation would also have to incl ude 
the compressive heating of air when it 
sinks into a region of higher pressure. 
Viscosity and other properties of air 
also vary with pressure and tempera
ture, and the presence of water vapor, 
which gives up heat when it condenses, 
adds still another level of complexity. 
Clouds formed as a result of convective 
circulation are themselves often unsta
ble to further convective motion: the 
cloud is cooled at the top by the loss of 
heat into space and warmed at the bot
tom by radiation absorbed from the 
ground. If the magnitude of these effects 
is large enough, a convection cell within 
the cloud can become established .  

In spite of these complications con
vective motion in the atmosphere of
ten manifests the same basic patterns 
observed in simpler laboratory exper
iments. The l inear cloud formations 
called cloud streets or mare's  tails are 
prod uced by cells of the roll type; satel 
l ite photographs occasionally reveal ar
rays of polygonal cells that extend over 
thousands of square kilometers. It is not 
the case, however, that the results of 
laboratory experiments can simply be 
extrapolated to atmospheric scale. Con
vection cells in the laboratory are al
ways about as wide as they are high, 
whereas atmospheric cells are m uch 
wider, by a factor of as much as 50. In 
addition the sense of the circulation in 
small-scale experiments is always the 
same (with gases the flow is downward 
in the middle of each cell) whereas in the 
atmosphere both directions of flow are 
observed. 

Convection in the oceans also spans a 
wide range of scales, from a meter 

or two to the size of the ocean basins 
themselves. The simplest of these flows 
has a straightforward explanation. Be
cause some wavelengths of solar radia
tion penetrate a few tens of meters into 
the ocean the water is heated to a con
siderable depth. Cooling, on the oth
er hand, results almost entirely from 
evaporation and from the loss of heat 
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thro ugh cond uction and radiation to 
the atmosphere, processes that are es
sentially confined to the surface. Hence 
heat is introd uced into the oceans at a 
level below that at which it is removed, 
and a layer of water several meters deep 
can become unstable to convection. 

The compressibility of seawater is 
small, and it can influence convective 
motion only at the greatest depths, but 
another variable has an important influ
ence : salinity. The density of seawater 
varies not only with temperature but 
also with the concentration of dissolved 
salts; the density increases along with 
the salinity. As a result two independent 
factors can work together to establish 
a density gradient. The interaction of 
these factors can give rise to new kinds 
of convective motion not seen when only 
a single gradient is present. 

If the temperature is greater at the 
bottom of a layer b ut the salinity is 
greater at the top, both gradients act in 
concert to encourage convection. When 
the temperature and salinity gradients 
act in opposite d irections, subtler effects 
come into play. If warm salty water 
overlies cold fresh water, the tempera
ture gradient favors stability but the sa
linity gradient upsets it. Even if the two 
opposed gradients combine to yield uni
form density, convection can sometimes 
become established, for reasons having 
to do with dissipative effects that act dif
ferently on the two gradients. The tem
perature gradient is d issipated mainly 
by heat d iffusion, whereas the salinity 
gradient is dissipated chiefly by the mo
lecular d iffusion of the salt and water 
molec ules. Heat d iffusion is much fast
er, often by a factor of 100. Initially the 
temperature and salinity of the two lay
ers might be adj usted to give them pre
cisely equal density. If  a parcel of the 
warm salty fl uid is then displaced down
ward into the cold fresh layer, it will lose 
its heat long before molecular d iffusion 
can significantly red uce its salinity. As a 
result it will become denser and the mo
tion will be amplified.  

The opposite arrangement, with cold 
fresh liquid overlying warm salty fl uid, 
can lead to the oscillatory phenome
non known as overstability. A parcel 
of warm saline water, on rising slightly, 
cools off but retains its salt concentra
tion. As a result it becomes denser than 
it was initially and sinks back into the 
bottom layer. Indeed, it may overshoot 
its original position and continue oscil
lating about it. The oscillations may ei
ther grow or be damped out, depending 
on the magnitudes of the two gradients. 

One of the most complex of convec
tive systems is the one that appar

ently operates in the earth's mantle, cre
ating a chain of rifts in the sea floor and 
propelling the continents across the .sur
face of the earth. The heat that drives 
the circulation is liberated not at a 

boundary but rather throughout the vol
ume of the material, mainly as a result 
of the decay of radioactive elements. A 
temperature gradient is formed under 
these circumstances because heat is lost 
from the system only at the surface, 
so that the temperature increases with 
depth. There is little doubt that the gra
dient is large enough to ind uce convec
tion, but the properties of the system are 
so complicated and the mantle is so in
accessible to measurement that the form 
and d imensions of the convection pat
tern are highly uncertain. Viscosity in
creases sharply with depth, and at some 
level in the convective zone the material 
evidently undergoes a transition from 
one crystall ine phase to another. 

At a much smaller scale an interesting 
convective process of considerable com
plexity can be observed in a drying film 
of paint or lacquer. Here the driving 
force is not buoyancy but surface ten
sion, as in Benard's experiments. The 
mechanism ultimately responsible for 
the flow is the evaporation of solvent 
from the free surface of the film. If some 
perturbation increases the rate of evap
oration in a region, that region will 
be cooled, which increases its surface 
tension. Moreover, the intrinsic surface 
tension of the pigments or other large 
molecules in the film is usually greater 
than the tension of the solvent, so that a 
deficiency in solvent raises the surface 
tension independently of the tempera
ture. The liquid is drawn across the sur
face to regions of elevated surface ten
sion, where it sinks to the base of the film 
and resumes the cycle. As the concentra
tion of solvent is red uced, however, the 
viscosity increases, and ultimately the 
Marangoni number falls below the crit
ical value. Convection then stops. 

Convection cells in paint films often 
have a hexagonal form, or at least a po
lygonal form that approaches the ideal 
of regular hexagons. The flow can cause 
"flooding" of p igments, which is ob
served in the dry film as an irregularity 
in coloring. In some cases the three
dimensional pattern of the convection 
cells remains frozen in the dry film. It 
should be noted that the phenomenon 
is not always undesirable : paint with a 
"hammer" finish acquires its texture by 
this means. 

The generality of the concept of con
vection is suggested by these diverse ex
amples: the spontaneous overturning of 
the earth's atmosphere and oceans, and 
the circulation of paint in a film a few 
tenths of a mill imeter thick. The theo
ries that describe these fluid motions re
quire many simplifying assumptions if 
they are to be of any practical use, and 
even then they are far from simple. It is 
therefore all the more remarkable that 
these few related theories, governed by a 
handful of d imensionless numbers, can 
account for phenomena that differ so 
greatly in scale. 
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The Physiology of the Koala 
This gentle marsupial eats mainly eucalyptus leaves (which are toxic 

to other animals) seldom drinks and uses no shelter. Recent studies 

indicate how the animal manages to survive in its distinctive niche 

A
common reaction of people who 

see a koala (or more likely a pic
ture of one, since the only place 

outside of Australia where koalas live is 
the San Diego Zoo) is to perceive the 
animal as a living teddy bear and to 
wonder if they could have one as a pet. 
The koala is of course not a bear and 
they cannot have one. It is a marsupial, 
a primitive mammal whose young are 
born in a virtually embryonic state and 
spend the early part of their life in a 
pouch that covers the mother's teats. 
And although it was once possible to 
keep koalas as pets, the practice is now 
forbidden by rigorous protective laws 
enacted in Australia because the animal 
was hunted for its pelt. 

The scientific name of the koala is 
Phascolarctos cinereus, from the Greek 
for pouched bear and ash gray. The ani
mal is formally characterized as an ar
boreal folivore, meaning that it lives in 
trees and eats leaves. The koala's tree is 
the eucalyptus, specifically 35 or more 
of the 600 or so species of the genus 
Eucalyptus that grow in Australia. The 
diet of an adult koala is almost ex
clusively eucalyptus leaves, and since 
the oils of eucalyptus leaves are tQxic 
to most other mammals, one wonders 
what adaptations enable the koala to 
thrive on them. This subject has been the 
focus of my own work with koalas, and I 
shall be returning to it. 

A fully grown koala weighs on the 
average about nine kilograms (20 
pounds) and its body is at most about 
62 centimeters (two feet) long. Its fur is 
thick and woolly, its limbs are long and 
its toes are strongly clawed. On each 
front foot the two innermost digits can 
be opposed to the others like two 
thumbs, as can the innermost digits on 
each rear foot. It is this articulation that 
makes the koala a good climber. On the 
ground, to which it normally descends 
only to move from one tree to another, 
the koala goes on all fours. Most of the 
time it is in a tree, sleeping and foraging 
among the leaves intermittently both by 
day and at night. 
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Koalas usually breed every second 
year. The mating season extends from 
early spring to midsummer, and the 
gestation period is about 35 days. A 
newborn koala (usually a single birth) 
is about 19 millimeters (three-quarters 
of an inch) long and weighs about 5.5 
grams (less than a quarter of an ounce). 
This tiny creature climbs unaided to 
the pouch, which is unusual in that it 
opens to the rear, and fastens onto a 
teat. About six months later, having at
tained a length of some 20 centimeters 
and grown a good coat of fur, the young 
koala emerges from the pouch and 
thereafter, for another six months, is 
carried on its mother's back. At six 
months of age it is weaned on the emul
sified droppings of the mother and then 
is ready for its adult diet of eucalyptus 
leaves. 

For mammals a diet of leaves is a 
poorer source of energy than many 

other kinds of food would be. More
over, mammals are less efficient than 
other animals in digesting leaves. For 
this reason many mammalian arboreal 
folivores are thought to be living close 
to the limits of their energy budget. 
Therefore even though the koala is bio
logically successful, the foundation of 
its success is precarious. 

The question of the role of the volatile 
oils of eucalyptus leaves in the feeding 
behavior of the koala has taken up much 
time and effort. The common observa
tion that the preference of the animal 
varies from species to species of euca
lyptus and even from tree to tree within 
a species has led to the widely held as
sumption that a koala actively chooses 
leaves on the basis of their oil content 
and has a particular reason for doing so. 
The reasons put forward for the choice 
include the antimicrobial action of the 
oils in the voluminous cecum of the koa
la's intestinal tract and the "need" for 
the heat-generating effect of the oils in 
maintaining body temperature. 

Ian Southwell of the Museum of Ap
plied Arts and Sciences in Sydney re-

cently examined the relation between 
the koala and the composition of vola
tile oils in eucalyptus leaves. He found 
no correlation between variations in the 
level of the volatile oils in the leaves and 
the feeding preferences of koalas. What 
his finding demonstrates is that the koa
la's considerable succe�s in occupying 
the eucalyptus habitat is due to a general 
ability to detoxify oils that are harmful 
to other animals. In other words, the 
koala is one marsupial that has been 
able to overcome the chemical defense 
mechanism of eucalyptus trees. 

In this way the koala has gained ac
cess to an abundant resource. How does 
the animal utilize it? How adequately 
does a eucalyptus provide food, water 
and shelter? 

T
he first step in answering these ques
tions is to consider the anatomy and 

physiology of the koala's digestive sys
tem. In common with other herbivorous 
mammals the koala is unable to digest 
cellulose and so must rely on microor
ganisms that do it. The location of the 
microorganisms in the digestive tract 
provides a basis for classifying her
bivorous mammals into pregastric and 
postgastric digesters. In the pregastric 
category are such eutherian (placental) 
mammals as cattle and such marsupials 
as the kangaroo and the wallaby; the 
postgastric group includes such eutheri
an mammals as the horse and the rab
bit and such marsupials as the brushtail 
possum and the koala. 

Among the postgastric digesters the 
commonest site for the microorganisms 
is the cecum, an expansion of the hind
gut at the junction of the small and the 
large intestine. The cecum is the most 
remarkable feature of the koala's diges
tive system. Recent observations have 
established that it takes up about 20 
percent of the length of the postgastric 
intestine. Thus the koala has a fermen
tation chamber where the passage of 
leaves can be delayed so that the mi
crobes can digest the cellulose. 

The possession of such a large cecum 
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BROWSING KOALA is seen in its characteristic habitat, a eucalyp
tus tree. Koalas subsist on the leaves of about 35 of the approximate
ly 600 species of the genus Eucalyptus that grow in Australia. The 

leaves provide all the nutrients the koala needs and usually enough 
moisture so that the animal does not have to drink. The koala feeds 
and sleeps intermittently in the trees tbroughout the day and night. 
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means that the koala's dietary require
ment for carbohydrate is likely to be 
met at all times through the microbial 
digestion of cellulose. The animal's po
sition with respect to nitrogen, that is, 
protein, is less assured. In order to de
termine the koala's ability to remain in 
positive nitrogen balance my colleagues 
and I at the University of New South 
Wales in Australia maintained a group 
of koalas in cages, feeding them exclu
sively on fresh leaves of the gray gum 
(Eucalyptus punctata), which is known to 
be a food tree for koalas. We measured 
the nitrogen taken in and excreted in 
both summer and winter. 

As one might expect, we found that 
in such a regimen the koala is quite 
capable of remaining in positive nitro
gen balance throughout the year. The 
way the balance is achieved was not so 
predictable. Although the intake of di
gestible nitrogen seemed to be about the 
same at all times, the dietary intake was 
significantly higher in winter. In other 
words, the koalas had to consume more 
leaves in winter to remain in nitrogen 
balance. 

The explanation probably lies in sea
sonal differences in the quality of the 
leaves. Eucalyptuses such as the gray' 
gum grow rapidly in spring and early 
summer but not much after they flower. 
It is therefore likely that winter leaves 
are older and more fibrous and contain 
less digestible nitrogen. Here is one bit 
of evidence that mammalian arboreal 
folivores may be living close to the lim
its of their energy budget. 

T
he precarious nature of the koala's 
energy budget is further emphasized 

by the phenomenon known as "wasting 
disease." In times of drought koalas 
have become comatose and have died 
with a full stomach. I suspect that a ni
trogen deficiency is the major factor, 
since during a drought eucalyptuses 
grow few leaves or none. The remaining 
leaves are comparatively old and con
tain progressively less digestible nitro
gen. A koala's response to such a change 
in the quality of the available leaves 
is likely to be to eat more leaves. If 
the quality of the leaves deteriorates 
enough, the quantity of leaves that is re
quired and even the capacity of the ko
ala's digestive system can become limit
ing factors. Under such circumstances 
it may become physically impossible 
for a koala to satisfy its nutritional re
quirements. 

The koala also has a reputation for 
seldom or never drinking water. This is 
a common theme running through the 
various legends of the Australian abo
rigines about the koala. Some of the 
aboriginal names for the animal, such 
as koobor, mean "Does not drink wa
ter." Curiously, the name koala, an ab
original name from the Hawkesbury 

River district near Sydney, has no such 
connotation. 

The available evidence suggests that 
in normal conditions a koala gets the 
water it needs from dew and from euca
lyptus leaves. In general water is lost in 
the urine, in the feces (either as free wa
ter or as water that would have been 
produced by the metabolic breakdown 
of food) and through evaporation. The 
urinary water loss is regulated by the 
kidney. The free-water content of the 
feces is regulated by the large intestine, 
and the metabolic-water content de
pends on digestive efficiency. The evap
orative loss is tied closely to the animal's 
mechanisms for regulating its body tem
perature. 

However the koala's water balance is 
achieved, the turnover rate of water is 
useful as an indication of both the avail
ability and the utilization of water. One 
can determine that rate (and alsO the to
tal content of water in the body) by ob
serving the dilution and the rate of dis
appearance of water labeled with triti
um, the radioactive isotope of hydro
gen. We studied the water metabolism 
of free-ranging koalas in three widely 
separated populations: one at Magnetic 
Island, near the northern limits of the 

koala's range, one at Sydney, near the 
center of the range, and one at Phillip 
Island, the southern limit of the range. 
No significant differences were found in 
total body water and turnover rate. 

The finding indicates that the micro
habitat of the koala is reasonably uni
form in terms of water requirements 
and water supply no matter where the 
animals live. The free-water content of 
gray-gum leaves ranges from 40 percent 
(old and fibrous leaves) to 65 percent 
(new growth). The leaves of other spe
cies of eucalyptus contain at least as 
much water as those of the gray gum, 
since leaves with a water content be
low 40 percent dry out and die. One can 
conclude that in normal conditions the 
leaves of eucalyptus trees provide the 
koala with both food and water in ade
quate amounts. 

The koala's content of body water is 
relatively high (77.4 percent of the ani
mal's weight). That is close to the water 
content of the fat-free component of the 
carcass of any mammal, a relation sug
gesting that the total absence of fat de
posits in all the koala carcasses I have 
examined is characteristic of the koala. 
The lack of fat may be a consequence of 
the koala's precarious nutritional bal-
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DISTRIBUTION OF THE KOALA is indicated by the colored areas on this map. The animal 
was once so vigorously hunted for its pelt that it was threatened with extinction. With the enact
ment of protective laws Australia also made efforts to reestablish the species, particularly in 
Victoria, where colonies were set up on islands and in mainland forests. The northernmost col
ony appears to be one tbat developed from a group of koalas introduced to Magnetic Island. 

113 

© 1980 SCIENTIFIC AMERICAN, INC



ance. It is also what enables the animal 
to carry s�ch Ii high proportion of body 
water. (Much of the water is in the ce
cum, which can hold large amounts of 
moist food.) 

The usefulness of carrying a consider
able amount of water becomes clear 

when the rate of water turnover by the 
koala is examined closely. When that 
rate is expressed in terms of the four
fifths power of body weight, the effect of 
varying body size is negated and one can 
make comparisons within and between 
species. We have compared the koala 

r� U""'NE HORN 

-""""'VAGINA 

and the short-nosed bandicoot (lsoodol/ 
macrourus), a rat-size terrestrial marsu
pial that feeds on invertebrates. The wa
ter-turnover rate of short-nosed bandi
coots living on an island with no avail
able drinking water is similar to that of 
the koala (179 grams per .8 kilogram of 

REPRODUCTIVE SYSTEMS of tbe cat (le!t), a typical eutberian 
(placentaI) mammal, and of tbe koala (right), a marsupial, are com
pared. Tbe drawings at tbe bottom sbow transverse sections tbrougb 
tbe body just forward of tbe hind legs. Tbe epipubic bone, wbicb is 
distinctive in marsupials, belps to support tbe poucb. Tbe young of a 
placental mammal are mucb more fully developed at birtb tban tbe 

young of a marsupial. A koala at birtb is less tban an incb long and 
is still virtually an embryo; it crawls into tbe poucb and attacbes it
self to a teat. It stays in tbe poucb for about six montbs, by wbicb 
time it bas grown to a lengtb of about 20 centimeters (eigbt incbes) 
and bas developed a good coat of fur. After emerging from tbe poucb 
tbe infant is carried on its motber's back for anotber six months. 
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body weight per day). In bandicoots liv
ing on the water-rich mainland the rate 
is much higher (243.8 grams). This com
parison reinforces the idea that the koa
la's food incorporates a supply of water 
and that in normal circumstances the 
animal does not drink water. The idea 
is further reinforced by the fact that 
the koala has a simple type of kidney 
that is not capable of a high degree of 
water conservation. Animals that have 
evolved to survive with a low intake of 
water typically have a kidney that can 
produce highly concentrated urine, so 
that more of the available water stays 
in the body. 

We investigated the way the koala 
achieves water balance by mak

ing measurements on individually caged 
koalas. Each koala was given a daily 
supply of freshly cut branches of gray 
gum. Drinking water was always avail
able in the summer but was sometimes 
withheld in the winter. Inputs and out
puts of water were determined as chang
es in weight. 

The rate of water turnover of the 
caged koalas was no more than half 
the rate of their free-living counterparts. 
The most likely reason for the difference 
is the reduction in activity imposed by a 
cage. As would be expected in an arbo
real mammal, the leaves were the major 
source of water. 

Although the koalas consumed more 
food and water in the winter, drinking· 
water contributed only about a fourth 
of the intake in both summer and win
ter. It is likely, then, that the increased 
intake of water in the winter is the re
sult of a need to consume a greater vol
ume of nutritionally inferior leaves. In 
other words, nutritional requirements 
would dictate the level of water intake. 
Nevertheless, the water intake associ
ated with the food remains reasonably 
constant at from 40 to 50 grams per 
kilogram of body weight per day. There
fore, provided that the leaves being eat
en are nutritionally adequate, the koala 
can get enough water from its diet. 

The koala loses water mainly through 
evaporation from its respiratory sur
faces. The loss of water in the urine is 
the least significant component. Evapo
rative loss and the production of urine 
show remarkably little variation be
tween seasons and when drinking water 
is not available. The slight decrease in 
urinary output in the absence of drink
ing water suggests that the koala has a 
water-conservation mechanism of the 
kind found in the pig and the beaver, 
whose kidney actively reabsorbs urea 
when drinking water is limited. In the 
koala, however, the reduction in the vol
ume of urine is so slight that I suspect 
the urea is being reabsorbed for nutri
tional reasons rather than for water
conservation ones. 

HANDS AND FEET of tbe koala are adapted for movement in trees by having long and strong 
claws and digits tbat are opposable to otber digits as tbe buman tbumb is. Tbe band (Ie/I) bas 
two sucb digits, tbe foot one digit. Tbe joined second and tbird toes of tbe foot are often em
ployed by tbe animal in combing its fur. Tbe palms and soles bave granular pads for gripping. 

The loss of water in the feces is prob
ably the most effective means the koala 
has of regulating its water balance. The 
feces are always quite dry. When drink
ing water is not available, the water 
content of the feces drops from 52 to 
43 percent, which is the same as the 
water content of the feces of a dehy
drated camel. It is evident that the ko
ala can manage quite well with a reg
ularly available but not overabundant 
water supply. 

The high rate at which water is lost 
through evaporation from the respira
tory surfaces is an indication of the im
portance of the relation between water 
balance and thermal balance. An exam
ination of the way in which the koala 
regulates its body temperature clarifies 
this relation. 

T
he koala is unusual among the ar
boreal marsupials in that it does not 

seek any kind of shelter, a pattern of 
behavior (or rather a lack of one) found, 
in only one other arboreal marsupial' 

group, the tree kangaroos. (Such behav
ior is quite common among tree-dwell
ing placental mammals.) One is there
fore stimulated to find out what kind of 
protection against extremes of environ
mental conditions is provided by the fur 
of the koala. 

The dorsal fur, which is the thickest at 
54.4 hairs per square millimeter, covers 
77 percent of the animal's body surface. 
The ventral hair has only half the densi
ty of the back fur and covers 13 percent 
of the body surface. The differences in 
density are not paralleled by differences 
in hair length, which for both the longer 

guard hairs and the shorter underfur is 
virtually the same all over the body. One 
does, however, find seasonal differences 
in hair length: the length of the long 
hairs differs from that of the short ones 
more during the summer than during 
the winter. 

The thick dorsal fur is darker than the 
sparse ventral hair; it therefore tends to 
absorb solar heat as well as to provide 
insulation. The sparse ventral hairs can 
be erected, so that the amount of in
sulation the ventral hair provides can 
be adjusted. The combination of these 
kinds of covering gives the koala a type 
of environmental control reminiscent of 
that of the guanaco, a llama-like South 
American animal with a densely mat
ted dorsal surface (40 percent of the to
tal area) and sharply defined areas of al
most bare skin on the ventral surface. 
By changing its posture the guanaco can 
achieve as much as a fivefold variation 
in thermal insulation in still air and five 
times more than that in the wind. 

Casual observations of koalas in trees 
on windy days indicate that as the wind 
speed rises a koala tends increasingly to 
roll up into a compact ball in order to 
present only its curved middorsal sur
face to the wind. Koalas did this even 
when the temperature was high. As the 
wind speed increased further their ears 
were folded forward so that almost 
nothing projected into the airstream. 

The picture of a portable shelter worn 
by every koala was enhanced by mea
surements we made of the insulation 
characteristics of koala pelts. (Our sam
ple was small and, being fortuitous, con
sisted of more summer pelts than winter 

115 

© 1980 SCIENTIFIC AMERICAN, INC



A mateur 
Telescope 
MaJdng 
Edited by Albert G.lngalls 
Foreword by Harlow Shapley 

This tHree-book set is the 
authoritative reference library 
of the enthralling hobby of 
amateur telescope making. 
Through these books thou
sands have discovered a fasci
nating mechanical art com
bined with a great science. 

BOOK ONE begins at the 
beginning, teaches the basics 
of glass grinding and how to 
complete the first telescope. 
(497 pages, 300 illustrations.) 

BOOK TWO leads on into ad
vanced methods of amateur 
optical work and describes 
new projects for the tele
scope maker. (650 pages, 361 
illustrations.) 

BOOK THREE opens up 
further fields of enterprise: 
binoculars, camera lenses, 
spectrographs, Schmidt 
optics, ray tracing (made 
easy). (644 pages, 320 
illustrations.) 
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ones, but there was not much difference 
between the two kinds.) The koala's dor
sal fur proved to have the highest insula
tion value among the 12 marsupials so 
far investigated. Indeed, it is in the lower 
range of the values obtained for arctic 
animals. 
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The effect of wind on the insulating 
power of the dense, matted dorsal fur is 
small. Moreover, compared with the fur 
of a number of other animals the koala's 
fur shows the smallest decrease in insu
lating value as the wind speed increases, 
at least up to about 10 miles per hour. 

DUODENUM .. � .. 
CECUM 

:; 

RECTUM � 

ALIMENTARY TRACT of the koala is notable for the size of the cecum, which accounts for 
some 20 percent of the length of the intestin� Since the koala cannot digest the cellulose in the 
leaves that are its staple diet and relies on microorganisms to do it, the cecum serves as a fer
.mentation chamber in which the passage of leaves through the digestive tract can be delayed 
so that the microbes can do their work. The koala can detoxify the oils of eucalyptus leaves. 
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The average decrease was 14 percent 
and the minimum was a remarkable 3 
percent. These data suggest both that 
the fur would maintain a significant lev
el of insulation at much higher wind 
speeds and that for an animal living in 
the exposed treetops of the open forest 
the fur provides excellent thermal pro
tection. 

T
he temperature-regulating effect of 
fur is complemented by metabolic 

activity. The koala's basal metabolic 
rate is 74 percent of the rate predicted 
for marsupials in general. (Among pla
cental mammals such folivores as the 
sloth and the potto show a similar di
vergence from the predicted rate.) The 
koala responds to high environmental 
temperatures by panting. At low envi
ronmental temperatures the low meta
bolic rate is accompanied by a high lev
el of total body insulation, with the fur 
contributing 50 percent (a rather large 
proportion). The metabolism-insulation 
pattern of the koala appears to be char
acteristic of many tropical arboreal 
mammals; perhaps the arboreal marsu
pials in general differ from the terrestri
al ones in this way. 

In examining the relation between wa
ter balance and thermal balance I began 
with the fur and led into thermoregula
tory mechanisms. Now I can complete 
the circle by considering the relation 
between evaporative water loss (a ther
moregulatory characteristic) and meta
bolic water production (an aspect of wa
ter balance). The amount of water pro
duced by metabolism for every gram of 
oxygen consumed is calculated on the 
basis of the nutrient composition of the 
leaves and of the feces. The ratio of 
metabolic water production to evapora
tive water loss is then derived from the 
relation between oxygen consumption 
and each of those processes. Such calcu
lations have shown that the koala's re
quirements for evaporative cooling are 
adequately provided for up to an am
bient temperature of about 30 degrees 
Celsius (86 degrees Fahrenheit), which 
is rarely exceeded for long in the ani
mal's environment. 

In summary, the koala is an animal 
whose ecological niche can be described 
(in the most general sense) as the arbore
al environment provided by trees that 
belong mainly to the genus Eucalyptus. 
They provide the animal with a supply 
of food and water and with a place to 
live. With its specialized digestive sys
tem the koala can overcome the toxic 
effects of eucalyptus oils and can extract 
enough nutrients and water from the 
eucalyptus leaves. The koala's thermo
regulatory pattern is attuned to that lev
el of water supply, and so (other consid
erations aside) the animal is potentially 
able to thrive in most of the forests of 
Australia. 
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Supercoiled DNA 

In many forms of DNA the double helix itself forms a helix. This 

supercoiling, which has important biological consequences, is best 

described and analyzed by means of a simple mathematical model 

by William R. Bauer, F. H. C. Crick and James H. White 

D
NA, the primary genetic materi

al of most organisms, is usually 
visualized as a double helix in 

which two chains of complementary nu
cleo tides (the subunits whose sequence 
constitutes the genetic message) wind 
around a straight common axis. It is now 
clear, however, that often the axis of the 
double helix is not linear but c urved. 
Indeed, the double helix can wind in 
space to form a new helix of a higher 
order, in which case it is said to be super
coiled. It appears that a large proportion 
of the known DNA's exhibit some form 
of supercoiling in at least one stage of 
their life cycle. An appreciation of this 
structural feature and its conseq uences 
is therefore essential to a complete un
derstanding of the biology of DNA. 

Affecting DNA's in a wide range of 
sizes and shapes ( including some that 
are not organized into a double helix), 
supercoiling takes a variety of forms. 
For example, in the chromatin (DNA 
complexed with protein) of higher orga
nisms the DNA is wound around a core 
of protein to form a left-handed sole
noidal superhelix. Here we shall be con
cerned mainly with a d ifferent type of 
supercoiling in which no protein core is 
needed. It is the supercoiling of closed 
circular DNA: double-helix molecules 
in which each polynucleotide chain 
forms an unbroken loop. 

The existence of these twisted rings of 
DNA was first postulated to explain a 
surprising discovery about the DNA of 
the polyoma virus: a small virus that 
causes tumors in the mouse. In 1963 it 
was reported that when this DNA is sus
pended in a solvent and spun in a centri
fuge, it resolves into three components 
distinguishable by the velocity at which 
they move through the solvent. F urther 
investigation revealed that these compo
nents, labeled I, II and III in order of 
their decreasing velocity of sedimenta
tion, do not differ in molec ular weight. 
Hence there had to be some variation in 
the molecular compactness of the three 
species accounting for the difference in 
their velocities. In other words, the mol
ecules had to have different shapes. 
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Viewing the components by means of 
electron microscopy indicated that this 
was indeed the case. Although the mol
ecules of component III were' clearly 
linear, those of component I and com
ponent II appeared to lack ends. The 
revelation that components I and II 
were circular, however, did not solve 
the problem. There was still no clue 
to what d istinguished the two compo
nents. Then in 1965 Jerome Vinograd of 
the California Institute of Technology 
put forward an ingenious proposal that 
solved the mystery and introduced the 
concept of supercoiling in DNA. 

Vinograd suggested that a closed cir
cular molecule of DNA (a circular 
molecule in which both polynucleotide 
chains are completely intact) is usual
ly underwound compared with a linear 
piece of DNA of the same length. In 
other words, in the closed circular mole
cules of component I there are fewer 
helical turns than there are in the mol
ecules of e ither component II or com
ponent III. Component I behaves as 
though before the ends of the double 
helix were joined a number of 360-de
gree twists had been made in the direc
tion opposite to that of the helix's nor
mal winding. 

The d ifference between components I 
and II of polyoma DNA, then, is that the 
circular molecules of component II are 
"nicked": in each molecule there is at 
least one nick, or break, in one of the 
polynucleotide chains. In contrast, cir
cular molecules of component I are 
closed and underwound. Because the 
forces that stabilize the do uble helix are 
strong the closed circular molecules re
sist such underwind ing, and for reasons 
we shall discuss they compensate by 
forming supercoils. Hence the closed 
circular molecules of component I of 
polyoma DNA are more compact than 
the nicked circular molecules of compo
nent II and therefore have a higher sedi
mentation velocity. 

S upercoil ing is a widespread phenom
enon, characterizing many of the medi
cally and biologically most interesting 
DNA's. An entire class of DNA tumor 

viruses, includ ing the polyomas and the 
human papilloma (wart) viruses, con
tain such DNA, and the DNA of mi
tochondria (the energy-transducing or
ganelles) of human and other animal 
cells is supercoiled. Animal cells have 
also been found to contain a vast array 
of very small supercoiled DNA mole
cules whose function has not been deter
mined. It is particularly striking that the 
majority of the known smaller genomes 
(sets of genes) fall in this category, in
clud ing genetic factors for fertility and 
drug resistance. Moreover, the phenom
enon of integration, in which a small 
piece of DNA is physically inserted into 
a larger DNA molecule, appears to re
quire that the integrated element be su
percoiled. Thus the vectors, or vehicles, 
for DNA in genetic engineering are of 
this type. Perhaps most remarkable is 
the fact that RNA tumor viruses, includ
ing the cancer-ca using Epstein-Barr vi
rus, often employ the enzyme reverse 
transcriptase to make DNA copies that 
become supercoiled in the course of in
fection. It should also be noted that su
percoiling has been found in molec ules 
with as few as 350 nucleotides in each 
polynucleotide chain and with as many 
as 1,750,000. 

Virtually every physical, chemical 
and biological property of DNA-its 
transcription, hydrodynamic behavior, 
energetics, enzymology and so on-are 
affected by closed circularity and the 
deformations associated with supercoil
ing. Understanding the mechanism of 
supercoiling and the conse quences of 
this structural feature for DNA, how
ever, presents problems of considerable 
mathematical complexity. Fortunately 
there are two branches of mathematics 
that offer substantial help in this effort: 
topology, which studies the properties 
of structures that remain unchanged 
when the structures are deformed, and 
d ifferential geometry, which applies the 
methods of the differential calculus to 
the study of curves and surfaces. In what 
follows we shall first describe a mathe
matical model of closed circular DNA 
and then d iscuss the implications of the 
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model for real DNA. We shall also take 
up some of the methods that have been 
developed for measuring supercoiling 
and its effects. 

Consider first the physical structure of 
the double helix: it is formed by two 

sugar-phosphate backbones to which 
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the nucleotide bases of the DNA are at
tached. The bases on the opposing back
bones are paired, with about 10 base 
pairs for each turn of the helix. (The 
exact number depends on the particular 
configuration of the DNA molecule.) 
To study supercoiling mathematically it 
is most convenient to construct a model 

in which the structure is represented as a 
narrow twisted ribbon of infinitesimal 
thickness, The most obvious way to de
sign such a model is to specify that the 
edges of the ribbon follow the sugar
phosphate backbones of the DNA. Car
rying ou

'
t the construction in the simple 

case of a linear double-helix molecule, 

t .. 1 

MANY SUPERCOILED DNA MOLECULES appear in tbis elec
tron micrograpb. Eacb molecule is a loop of tbe DNA double belix. 
Where tbe loops are open one of the strands of the double belix is 
"nicked," or broken, so tbat the loop is relaxed, or not supercoiled. 
Where the loops are not open but kinked tbey are un-nicked. In sucb 
lIIolecules the DNA usually has fewer helical turns tban a linear mol-

ecule of tbe same lengtb. In un-nicked loops the stress introduced by 
tbis underwinding is compensated for by supercoiling. These mole
cules are plasm ids extracted from tbe bacterium Escherichia coli and 
separated from otber E. coli DNA molecules by centrifugation. Tbey 
are enlarged some 25,000 diameters. Tbe micrograpb was made by 
Gary Coben of tbe State University of New York at Stony Brook. 
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however, demonstrates that this choice 
is unsatisfactory: the axis of the model 
(the line halfway between the edges of 
the ribbon) winds around the straight 
axis of the double helix. For our pur
poses it is preferable to choose a mod
el whose axis coincides with that of the 
double helix. In addition we specify that 
the ribbon must always lie perpendicu
lar to the pseudodyads, or twofold axes 
of rotation, that are distributed along 
the double helix [see illustration below]. 
(There is one dyad axis associated with 
each nucleotide pair and one associated 
with the space between successive pairs; 
these axes are all perpendicular to the 
axis of the double helix, and their loca
tion is independent of the sequence of 
bases in the molecule.) 

This ribbon model follows the axis of 
the DNA double helix and twists as the 
two chains of the molecule twist around 
that axis. In addition, because the se
quences of atoms in the two polynucleo
tide chains run in opposite directions the 
edges of the ribbon will be assigned op
posite orientations. (It does not matter 
what directions are chosen for the two 

edges as long as they are opposite.) This 
model can be analyzed mathematically 
in a number of different ways, but we 
shall be most concerned here with the 
relation between the oppositely directed 
edges of the ribbon. 

When the ends of a ribbon are joined, 
each edge describes a closed curve in 
three-dimensional space. Furthermore, 
when the ribbon represents a closed cir
cular molecule of DNA, a number of 
360-degree twists are introduced before 
the ends of the ribbon are joined, and so 
the two curves described by its edges 
are linked. In other words, it is impossi
ble to separate the curves without "cut
ting" one of them. If each loop in a 
linked pair represents a covalently bond
ed molecule, as is the case with the two 
polynucleotide chains of the double he
lix, the two are said to be joined by a 
topological bond. This is a peculiar type 
of bond in that although no part of one 
molecule is covalently joined to any part 
of the other, it is nonetheless necessary 
to break a covalent bond in order to sep
arate the two. (The concept of topologi
cal bonding was first introduced into 

MODEL OF SUPERCOILED DNA makes use of two structural features of tbe double belix 
(/e/t): tbe axis (thick colored line) around wbicb tbe two sugar-pbospbate backbones of tbe 
molecule wind and tbe series of "pseudoclyad" axes defined by tbe nucleotide bases attacbed to 
tbe backbones. Tbe bases, wbose particular sequence constitutes tbe genetic message, are paired, 
and tbere is one dyad axis associated witb eacb base pair and one witb tbe space between suc
cessive base pairs. (Here only one base pair is sbown.) Tbe dyad axis (thill colored line) defined 
by eacb base pair is tbe line perpendicular to tbe belical axis about wbicb eitber one of tbe bases 
can be rotated into tbe position of its oppositely oriented mate. Tbe model constructed witb re
spect to tbese features (right) is a narrow, infinitesimally tbin ribbon wbose axis, or centerline, 
follows tbe axis of tbe double belix and wbose surface always lies perpendicular to tbe dyed 
axes defined by tbe base pairs of tbe double belix. Tbis ribbon bends as tbe axis of tbe DNA 
molecule bends, and it also twists as its two polynucleotide cbains twist around eacb otber. 
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chemistry by Edel Wasserman and his 
colleagues at Bell Laboratories.}" 

In mathematical terms the linking of 
two closed curves is a topological prop
erty: no matter how the curves are de
formed (pulled, twisted and so on), as 
long as neither one is broken they will 
remain linked in exactly the same way. 
It will be useful, then, to assign a nu
merical value that describes the way 
the loop formed by one edge of the rib
bon representing a molecule of DNA 
is linked to the loop formed by the oth
er edge. 

It seems reasonable to define such a 
linking number Lk so that its value will 
be 0 for a pair of unlinked closed curves, 
1 for a curve that loops through anoth
er just once, 2 for a curve that loops 
through another twice and so on. Since 
the two edges of the ribbon have been 
given orientations, however, it turns out 
that a more useful definition of a linking 
number can be made in which either a 
plus or a minus sign is assigned to the 
number depending on the orientation of 
the curves. There are a number of ways 
to compute such a linking number for a 
particular configuration of curves, and 
one of the most convenient is to examine 
all the points in a projection, or two-di
mensional representation, of the config
uration where a piece of one of the 
curves crosses over a piece of the other 
[see illustration on opposite page]. Each of 
these crossing points can be assigned an 
index number of + 1 or - 1, according 
to the direction in which the top piece 
must be rotated so that it coincides with 
the bottom piece. Adding up the index 
numbers of all the crossing points and 
dividing by 2 (the number of linked 
curves) gives the linking number Lk. 

Thus the linking number Lk is defined 
as a signed integer that describes a prop
erty of two closed curves in space. To 
separate a pair of curves without actual
ly cutting them the value of Lk must be 
o (although the converse is not always 
true). If the curves in question are the 
edges of a closed ribbon with N turns in 
it, their linking number is + N or - N. 
depending on the direction of turning. 
Moreover, as long as the ends of the rib
bon remain joined the number will re
main unchanged when the ribbon is de
formed. Notice that although the edges 
of the ribbon model of DNA were not 
chosen to coincide with the sugar-phos
phate backbones of the double helix, 
the linking number of the ribbon will be 
exactly that of the backbones. 

Therefore for a molecule of relaxed 
closed circular DNA 5,000 base pairs 
long, with 10 base pairs for each turn of 
the helix, the linking number will be 
+ 500. By convention the number is pos
itive because the DNA double helix is 
right-handed. (A closed circular DNA 
molecule is said to be relaxed if its 
axis lies entirely in a plane. As we shall 
relate, there are many ways in which 
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CLOSED CIRCULAR DNA is modeled by a twisted ribbon wbose 
ends bave been joined (a). Since tbe sequences of atoms in tbe two 
cbains of tbe double belix run in opposite directions, it is also conve
nient to assign tbe edges of tbe ribbon opposite directions. Wben tbe 
edges are viewed as directed closed curves in three-dimensional space 
(b), tbey are found to be matbematically linked; in otber words, tbere 
is no way to separate tbem witbout breaking one or tbe otber. Tbis 
relation can be described matbematically by a linking number Lk 
wbose magnitude expresses tbe number of times one curve is linked 
througb tbe loop of tbe otber and wbose sign depends on tbe way tbe 
curves are labeled. One way to compute tbe value of tbis quantity is 
to examine a projection, or two-dimensional representation, of tbe 
two curves and to eacb point wbere one curve crosses over tbe otber 
(but not wbere a curve crosses over itself) assign an index number ac
cording to tbe following rule: If a clockwise rotation is required to 
move tbe top piece so tbat it coincides witb tbe bottom piece, tben + 1 

h 

Lk = +1 

is assigned to tbe crossing point, and if a counterclockwise rotation is 
required, tben -1 is assigned (c). (Tbis convention is tbe reverse of 
tbe one normally employed in matbematics, but it ensures tbat tbe 
linking number of rigbt-banded closed circular DNA will be positive.) 
Lk is tben calculated by adding up tbe index numbers and dividing 
by 2 (tbe number of curves). Tbe linking number obtained in tbis way 
is a signed integer equal to 0 if tbe two curves are unlinked (d), to + 1 
or -1 if one curve links tbrougb tbe otber just once (e), to + 2 or -2 
if one curve links througb tbe otber twice <I), and so on. Tbe sign of 
tbe number will cbange if tbe orientation of eitber one of tbe curves 
is cbanged or if tbe pair of curves is viewed in a mirror (g). Tbe value 
of tbe linking number remains tbe same no matter bow tbe two curves 
are deformed (h), and so since tbe linking number of a twisted ribbon 
is equal to tbe linking number of tbe sugar-pbospbate backbones of 
tbe DNA molecule it models, tbe linking number expresses an im
portant constraint on tbe possible supercoiled structure of tbe DNA. 
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naturally supercoiled molecules can be 
made to relax. A nicked circular mole
cule is relaxed in its natural state, but 
since its polynucleotide chains are not 
both intact, strictly speaking it has no 
linking number, the quantity that is our 
principal concern here.) 

Another way to analyze the ribbon 
Il. model of DNA is by looking not 
at the relation between its edges but at 
the way the ribbon twists. For a ribbon 
whose axis follows a straight line the 
idea of a numerical value expressing 
twist is intuitively obvious. Here we 
shall adopt the convention that a right
handed twist of 360 degrees has a value 
of + 1 and a left-handed twist has a val
ue of - 1. The definition of twist is less 
obvious, however, for a ribbon whose 
axis is not straight. Perhaps the best way 
to understand this concept is to imagine 
a small arrow placed perpendicular to 
the axis of the ribbon, pointing to one 
of its edges [see illustration below]. As 

I 
t 

I 

the arrow is moved along the tWlstmg 
ribbon it rotates about the axis, and the 
twist of the ribbon can be defined as the 
integral of the arrow's angular rate of 
rotation with respect to the arc length of 
the axis curve. 

In the special case where the axis of 
the ribbon is confined to a plane this 
value can be measured simply as the 
number of rotations the arrow com
pletes about the axis as it is moved along 
the ribbon. For example, when the rib
bon models a closed circular piece of 
DNA 5,000 base pairs long that is re
laxed (that is, its axis lies in a plane), the 
arrow makes one complete rotation for 
every turn of the double helix, and so 
the total twist Tw eq uals + 500, with the 
plus sign arising once again because the 
double helix is right-handed. 

For a relaxed circular piece of DNA 
5,000 base pairs long, then, both the 
linking number and the twist are equal 
to + 500. From this example one might 
well assume that linking number is just 

) 

Tw = 0 Tw = +V2 Tw = +1 

Tw = 0, Lk = 0 Tw = +1, Lk = +1 

TWISTING OF A RIBBON can be assigned a numerical value by placing a small arrow on the 
ribbon perpendicular to its axis and pointing to one of its edges. As the arrow moves along the 
ribbon it rotates about the axis, and the magnitude of the total twist Tw can be defined as the in
tegral of the angular rate of this rotation with respect to the arc length of the curve described 

by the axis. Whether this quantity is positive or negative depends on whether the rotation of 

the arrow about the axis is respectively right-handed or left-handed. When the axis of the rib
bon lies entirely in a plane as is shown here, then the total twist is easily computed, being equal 
to the number of rotations the arrow makes about the axis. The twist can be computed sep

arately for different parts of the ribbon and can then be summed to obtain the total value. 
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another way of expressing twist, but that 
is not the case. Indeed, it is particularly 
important to understand the distinction 
between th

'
ese two quantities. To begin 

with, linking is a topological property, 
whereas twist is geometrical: if a ribbon 
is deformed, its twist may be altered. 
Moreover, to compute the linking num
ber (which is always an integer) the rib
bon must be considered as a whole. On 
the other hand, twist (which might not 
be an integer) can be considered locally, 
and the twist values of individual sec
tions can be summed to obtain the total 
for the ribbon. 

It is important to note that this ribbon 
model does not come close to represent
ing the detailed mechanical properties 
of DNA, not least because the mathe
matical ribbon is assumed to be of infini
tesimal thickness. A real ribbon (with 
finite thickness) subjected to the helical 
manipulations we are concerned with 
would experience numerous local defor
mations that are not taken into account 
here. The ribbon model, however, was 
designed to emphasize the linking num
ber of DNA, which because it is quan
tized is not affected by such small de
formations. 

The realization that linking and twist
ing are distinct properties raises an

other question: Is there a geometrical 
significance to the difference between 
these properties, that is, to the difference 
between the linking number of a ribbon 
and its total twist? Quite fortuitously at 
about the same time that biochemists 
were first studying circular DNA mathe
maticians were independently taking a 
look at linking and twisting in ribbons. 
In 1968 one of us (White) proved that 
the linking number of a ribbon and its 
total twist differ by a quantity that de
pends exclusively on the curve of the 
axis of the ribbon. (This quantity is well 
known to mathematicians as the Gauss 
integral of the axis curve.) In other 
words, assume that the axes of two 
closed ribbons follow the same curve in 
three-dimensional space; then even if 
the ribbons themselves turn and twist in 
entirely dissimilar ways, their values of 
linking number and total twist will differ 
by exactly the same amount. 

At about the same time Vinograd, not 
knowing of this result, asked F. Brock 
Fuller, a mathematician at Cal Tech, to 
tackle the mathematics of supercoiling. 
Fuller, while working on the relation 
between linking and twist, suggested the 
picturesque name writhing number for 
the quantity by which the two differ. 
Thus for a closed ribbon in three-dimen
sional space the writhing number Wr 
equals the difference between the link
ing number Lk and the total twist Tw, or 
Wr = Lk - Tw. The writhing number 
of a ribbon is a powerful quantity whose 
value generally changes if the axis of 
the ribbon is deformed in space. Hence 
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writhing, like twisting, is not a topologi
cal property of the ribbon but a geomet
rical one. 

The writhing number can be obtained 
by computing the Gauss integral, but it 
is generally far easier to calculate it by 
evaluating the linking number and the 
total twist of the ribbon in question and 
then taking their difference. It is only in 
certain special cases that it is convenient 
to compute Wr directly. For example, 
if the axis of a ribbon lies entirely in 
a plane or entirely on the surface of a 
sphere, then it can be shown that Wr is 
zero. Substituting this value into the 
eq uation Wr = Lk - Tw gives Lk = Tw, 
which explains why in the example of 
the relaxed closed circular molecule 
of DNA both Twand Lk were found to 
be + 500. Now consider what happens if 
the axis of this DNA molecule is made 
to writhe in such a way that its writh
ing number is no longer zero. (There is 
no intuitive way to estimate the writh
ing number of a curve. A ribbon that 
writhes in the ordinary sense of the word 
may turn out to have an overall writh
ing number of zero.) When the writh
ing number of the molecule is made to 
change, the linking number remains the 
same (it can be altered only if one of 
the backbones of the double helix is 
broken) and so the twist must change. It 
is this relation that underlies the phe
nomenon of supercoiling. 

Aribbon's linking number, total twist 
and writhing number do not de

pend on the ribbon's location or orienta
tion in space. They are also independent 
of scale, but if one axis of space is invert
ed (as is the case when the ribbon is re
flected in a mirror) or three axes are in
verted (as is the case when the ribbon is 
inverted through a point), then the sign 
of all three quantities is changed. On the 
other hand, if any two axes are invert-

LINKING NUMBER and total twist of a rib
bon are equal wben tbe axis of tbe ribbon lies 
entirely in a plane as is sbown at tbe top. Tbat 
tbese two quantities do not necessarily bave 
tbe same value is sbown by tbe configuration 
in tbe middle, in wbicb tbe linking number Lk 
is a positive integer and yet tbe total twist Till 
is close to zero. Tbe linking number and total 
twist of a ribbon differ by a quantity called tbe 
writbing number Wr, tbat is, Wr = Lk - Till. 
Tbe writbing number depends exclusively on 
tbe curve of tbe axis of tbe ribbon. In tbe rib
bon wound around tbe cylinder sbown at tbe 
bottom left Lk, Till and Wr are all zero. Ro
tating tbe top of tbe cylinder counterclock
wise about its central axis tbrougb two full 
turns generates tbe rigbt-banded interwound 
belical ribbon sbown at tbe bottom rigbt, in 
whicb Lk is clearly uncbanged but (neglect
ing end effects) Till equals +4sina and tbere
fore Wr equals -4sina. (In tbe first case tbe 
total twist Till was made to be zero, and so tbe 
final configuration is a simplified model of 
supercoiled DNA, omitting tbe intrinsic twist 
tbat arises from tbe turns of tbe double belix.) Lk = 0, Tw = 0, Wr = 0 

Lk = 0, Tw = 0, Wr = 0 

Lk = +2, Tw - 0, Wr - +2 

Lk = 0 ,  Tw > 0, Wr < 0 
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RELATION BETWEEN WRITHING AND TWIST is demonstrated with a coiled telephone 
wire. When the wire is in a relaxed state (top), its twist is small and its writhing is substantial: 
the axis of the wire traces a belix in tbree-dimensional space. When tbe wire is stretched out 
(middle) so that its axis is nearly straight (bottom), its writbing is small and its twist is large. 

BASIC CONFIGURATIONS OF THE DOUBLE HELIX include a linear form (left), a cir
cular form that is nicked and therefore relaxed (middle) and a circular form that is closed (un
nicked) and therefore supercoiled (right). (The three molecules shown here are drawn to differ
ent scales.) The supercoiling of the closed circular molecule into an interwound superhelix can 
be understood in terms of the relation between linking, writhing and twist. Because molecule is. 
underwound it bas a deficit in linking number compared with a relaxed molecule of the same 
size. It compensates by writhing and by twisting and bending, satisfying equation Wr = Lk - Tw. 
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ed, as happens if one looks into an ordi
nary microscope (that is, not a dissecting 
one), their signs are unchanged. There 
are two other cases of practical interest. 
Making a contact print of a projection 
of the ribbon changes the signs of Lk. Tw 
and Wr. On the other hand, if the nega
tive of a photograph of this projection 
is placed correctly in an enlarger, the 
resulting print will show a ribbon with 
the signs of all three quantities un
changed. Conversely, if the negative is 
turned over in the enlarger, the signs of 
Lk, Twand Wr in the resulting print will 
be reversed. 

In short, any operation that turns a 
right-handed screw into a left-handed 
one without introducing other distor
tions will change the sign of the linking 
number, the total twist and the writhing 
number. One of us (White) and Thomas 
F. Banchoff of Brown University have 
shown that there is one other speciaL 
mathematical operation that changes 
the sign of these quantities but leaves 
their magnitude unaltered: inverting the 
ribbon through a sphere .. This result ex
plains why the writhing number of a rib
bon whose axis lies on the surface of a 
sphere is zero. Under this operation the 
closed curve described by the axis is 
transformed into itself. 

Although the equation Wr = Lk -
Tw demonstrates that linking and twist 
are mathematically distinct, the phys
ical difference between these quantities 
may not yet be evident. It may be help
ful, then, to consider what happens when 
a mathematical ribbon is wound around 
a cylinder in such a way that its surface 
is always fiat against the cylinder [see il
lustration on preceding page]. (Note that 
it is only because a mathematical rib
bon has infinitesimal thickness that it 
can be made to lie fiat against the sur
face of a cylinder in this way.) We shall 
call the pitch angle of the helix described 
by this ribbon a. In other words, a is the 
angle at which each turn of the hdix in
clines away from the horizontal, so that 
when a is small, the helix is shallow, 
and when a is large, the helix is steep. 

Now assume the ribbon is wrapped 
around the cylinder N times befort: its 
ends are joined in the most straight
forward way. Then if end effects are 
ignored, it can be demonstrated that 
the linking number of the ribbon Lk 
eq uals N, whereas the total twist Tw 
equals Nsina. Therefore when the helix 
is stretched out so that the pitch angle a 
increases, the number of turns and thus 
the linking number remain the same, but 
the twist goes from a small value to a 
large one, clearly demonstrating the dif- • 
ference between linking and twist. 

Moreover, since a ribbon's writhing 
number is defined as the difference be
tween its linking number and its total 
twist, the value of Wr for this ribbon is 
N - Nsina, or N( 1 - sina). As this for
mula indicates, when a is small and the 
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... into a world where bold ideas are welcomed, and where innovation, creativity, and 
performance are valued and highly respected characteristics. As a DP professional-
a programmer, tech. rep, systems engineer, or programmer analyst - you've proba
bly come up with a lot of good ideas ... ideas you may have wanted to develop a bit 
further just to see where they would take you. But usually, something always 
seemed to get in the way. Maybe it was a lack of resources or opportunity. Or per
haps someone told you "There just isn't enough time to try that idea right now." 
But those good ideas are still there, waiting ... waiting ... waiting for a chance to 
be tested. 

Dare To Be Different . . .  At National CSS we know what creative DP profes
sionals are looking for, because since the beginning, information processing has 
been our only business. We know that by offering people a chance to perform, 
and by providing them with the resources and a receptive environment, that 
they will come up with the ideas that shape the future of information process
ing. That philosophy has made National CSS the place for DP professionals 
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one of those good ideas, and when that happens, we hope you'll remem
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twist is small, the writhing is substantial, 
but when a is large and the twist is large, 
the writhing is minimal. The relation 
can be easily observed in a coiled tele
phone wire: when such a wire is un
stressed, it assumes a highly writhed 
form with little twist; when its ends are 
pulled out, a highly twisted form that 
writhes only slightly is obtained. 

Consider how these findings apply to 
a real DNA, say to the polyoma-virus 
DNA. Remember that this DNA can 
be resolved through sedimentation into 
three components: I and II, which are 
circular, and III, which is linear. It can 
be determined experimentally that the 
average linking number for a popula
tion of relaxed circular molecules of this 

DNA is about + 500. (Even in a highly 
purified preparation not all molecules 
are relaxed or supercoiled to the same 
extent and so the average linking num
ber of a population is not necessarily an 
integer.) On the other hand, for a popu
lation of closed circular molecules (the 
supercoiled molecules that make up 
component I) the average linking num
ber is about +475. Just as Vinograd pre
dicted, the closed circular molecules 
of the polyoma-virus DNA are under
wound, having a deficit in their winding 
number of about 25. This finding sug
gests a way to define supercoiling. It is 
equal to /:).Lk, the difference between the 
linking number of a molecule in the nat
ural closed circular state and the linking 

RUBBER TUBE that has been coiled around a cylinder with its ends joined in such a way that 
all twist is relieved (left) jumps into an interwound helix coiled in the opposite direction when 
the cylinder is removed (right). If there are N right-handed turns in the first configuration, and 
if the pitch angle a 1 at which each helical turn inclines away from the horizontal is small, 
then in the second configuration there will be approximately N 12 turns going up and N 12 go
ing down and the new pitch angle a2 will be large. (This will be only roughly true.) An examin!,
tion of the changes in the values of the linking number, the total twist and writhing number that 
accompany this transformation explains why most naturally occurring DNA, having a defi
cit in linking number, supercoils into interwound helix that like double helix is right-handed. 
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number of the same molecule in the re
laxed closed circular state (where the en
ergy of deformation is at a minimum 
and the writhing number is zero). For 
example, for the DNA's of both poly
oma virus and the monkey virus SV 40, 
/:).Lk is approximately -25. (It is as
sumed that the linking number is mea
sured with both the relaxed and the su
percoiled DNA in solution under stan
dard conditions of temperature, salinity 
and so on.) 

It can now be understood why a deficit 
in the linking number of a molecule of 
DNA causes the molecule to supercoil. 
A linear molecule of DNA in solution 
normally assumes a form known as the 
B configuration, in which the nucleotide 
bases are approximately perpendicular 
to the helical axis with 3. 4 angstrom 
units between them and in which there 
are about 10 base pairs for each turn of 
the double helix. This is a configuration 
of minimum energy, and if the molecule 
is bent or twisted, its energy is increased. 
If a long molecule is simply circular, 
however, the diameter of the circle is 
large compared with the thickness of the 
double helix. Hence the curvature of the 
molecule is small and its energy is in
creased only slightly. As a result nicked 
circular molecules such as component II 
of polyoma-virus DNA hardly depart 
from the B configuration. 

The situation is quite different for a 
closed circular molecule with a deficit in 
linking number. To satisfy the condition 
that the value of Lk be less than that of a 
relaxed molecule (say 475 rather than 
500) the double helix would have to be 
untwisted, a transformation that would 
substantially increase the deformation 
energy of the molecule. By supercoiling, 
however, the closed circular molecule 
minimizes the amount by which it de
parts from the B configuration. 

More precisely, as the analysis of the 
ribbon model revealed, one way that un
derwound DNA can reduce its deforma
tion energy is by writhing. Since writh
ing and twist are inter convertible, it is 
apparent that by changing the extent of 
writhing it is possible to minimize the 
twist of a molecule, thereby minimizing 
the twisting compon�nt of its deforma
tion energy. On the other hand, writhing 
always introduces some curvature, and 
so it increases the bending contribution 
to the energy of the molecule. Therefore 
the supercoiled configuration that the 
underwound DNA molecule assumes 
is one that minimizes twist while intro
ducing the smallest possible amount 
of bending. 

Thus when the axis of DNA is made 
to writhe, the double helix responds 

by twisting and/or bending. The forms 
that this supercoiling can take range 
from a left-handed solenoidal superhe
lix to a right-handed interwound super
helix, although in nature the interwound 
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Everything about David Plastow represents his 
companys philosophy. Which is why he wears a Rolex. 

David Plastow is the cus
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configuration is usually preferred. The 
trade-off between writhing and twist 
that results in the favoring of the inter
wound form may be made clearer by a 
mechanical example. Consider a piece 
of thick, flexible rubber tubing wound 
into a left-handed coil around the sur
face of a cylinder. Assume that as the 
tubing is coiled it is allowed to twist 
freely about its own axis, so that its 
twisting energy is zero. Its ends are then 
brought together (in such a way that 
any strain due to twisting is relieved) 
and permanently joined. If at this point 
all restraint on the tubing is removed, 
however, it will jump into an interwound 
superhelix that is right-handed [see il
lustration on page 126]. Why? 

Without undertaking a detailed analy
sis of the mechanics of this situation it 
is possible to gain a general understand
ing of how a left-handed superhelical 
coil that has little or no twist but is 
highly writhed is transformed into a 
right-handed interwound superhelix by 
considering the linking number, the to
tal twist and the writhing number of 
the two configurations. (To visualize 
the meaning of linking number In this 
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context imagine a pair of parallel lines 
drawn on opposite sides of the unwound 
relaxed tubing.) Remember that in the 
first configuration the total twist was 
deliberately made to be zero, and so (ig
noring end effects) the linking number 
of the tubing must be equal to the writh
ing number. In the example of the heli
cal ribbon wound around a cylinder we 
observed that the writhing number for 
such a configuration is given by the for
mula Wr = - Nl(l - sinal)' where Nl is 
the number of coils in the tubing and al 
is their pitch angle. (The negative sign 
arises because the coils are left-handed. ) 
Hence for the first configuration the 
linking number equals - Nl(l - sinal)' 
(Because we are neglecting end effects 
this number will not usually be an in
teger.) 

Turning now to the second configu
ration of the rubber tubing, the right
handed interwound superhelix, we shall 
call the total number of right-handed 
turns (up plus down) of the helix N2 and 
its pitch angle a2. Then (once again ne
glecting end effects) it can be shown that 
for such an interwound superhelix the 
writhing number Wr equals - N2sina2' 

Note that the left-handed superheli
cal coil was transformed into the in
terwound superhelix without breaking 
the rubber tube or separating its ends. 
Therefore the linking number of the 
second configuration must be the same 
as the linking number of the first, that 
is, Lk must be equal to - Nl(l - sinal)' 
Substituting these values of Wr and Lk 
into the equation Wr = Lk - Tw yields 
- N2sina2 = - Nl(l - sinal) - Tw, or 
Tw = - Nl(l - sinal) + N2sina2' 

The pitch angle of the first configura
tion of the rubber tubing al was small, 
but the pitch angle a2 of the second con
figuration was fairly large. Therefore 
matters can be further simplified by sub
stituting the approximations sinal = 0 
and sina2 = 1 into the equation, yielding 
Tw = - Nl + N2. This simple formula 
explains why the rubber tube when it 
was released jumped into an interwound 
configuration of reversed handedness. 
To these approximations the twist of the 
tubing Tw is at a minimum when the 
turns in the second configuration are 
equal in number and opposite in hand
edness to those in the first configuration. 
Moreover, the curvature of the second 

INCREASING CONCENTRATION OF ETHIDIUM BROMIDE � 

SUPER COILS ARE RELAXED wben tbe dye etbidium bromide, 
wbicb bas a planar molecular structure, is added to supercoiled DNA 
in solution, as is demonstrated by tbis grapb sbowing bow tbe sedi
mentation velocity of DNA cbanges as tbe dye is added. Tbe sedi
mentation velocity is tbe rate at wbicb tbe molecules of DNA move 
tbrougb tbe solvent wben tbe solution is subjected to tbe strong grav
itational field generated by an ultracentrifuge: more bigbly super
coiled molecules are more compact, and so tbey bave a greater sedi
mentation velocity. Increasing tbe concentration of etbidium bromide 

serves to gradually decrease tbe writbing of tbe DNA molecules, not 
by reducing tbe deficit in tbeir linking number (tbat can be done only 
by creating nicks in tbeir polynucleotide cbains) but by reducing tbeir 
twist. Molecules of tbe dye are intercalated between the base pairs of 
the DNA, creating a local untwisting of the double helix. The graph 
shows that with a sufficiently high concentration of dye the DNA . 
molecules become fully relaxed, and that if more dye is added, the 
DNA begins to supercoil in the opposite direction. Changes in the 
structure of DNA shown here are confirmed by electron microscopy. 
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configuration is clearly less than that of 
the first. Therefore when the twist is 
small, the interwound superhelix will 
have an energy of deformation much 
lower than that of the superhelical coil, 
and so the rubber tube will of course 
assume the interwound form. (To apply 
this argument to DNA we should have 
to paint the double helix onto the un
wound relaxed rubber tubing, but that 
would not affect the energy calculation. )  

T o  make a detailed analysis of the su
percoiling of real DNA requires a fairly 
precise knowledge of all its elastic con
stants, and it is necessary to take into 
account not only end effects but also 
such matters as charge repulsion and 
thermal motion. The preceding argu
ments show quite clearly, however, why 
a closed circular DNA molecule, with 
a deficit in its linking number (or as 
is sometimes the case an excess) will 
writhe into a supercoiL In nature most 
closed circular DNA is negatively su
percoiled, that is, the supercoiling re
sults from a deficit in linking number. 
The analysis of the rubber-tube model 
explains why such molecules can be ex
pected to assume the configuration of an 
interwound superhelix whose handed
ness, rather surprisingly, is the same as 
that of the double helix, namely right
handed . 

The backbones of a double helix have 
enough flexibility so that if in a 

supercoiled molecule one of them is 
nicked, the other can rotate about it to 
put the molecule in a relaxed configu
ration. The un-nicked molecule cannot 
lose its supercoiling in this way without 
one intact backbone's passing through 
the other, which is a physical impossibil
ity. Given a naturally supercoiled mole
cule of DNA with a deficit in its linking 
number, however, is it possible for its 
writhing to be reduced without one of its 
backbones' being nicked? If the back
bones must remain intact, then the link
ing number cannot change, and since the 
writhing number is negative in this case, 
the only way for the magnitude of the 
molecule's writhing to be reduced is for 
its total twist to be reduced. 

Adding ethidium bromide, a dye with 
a planar molecular structure, to a solu
tion of DNA serves this purpose. Leon
ard S. Lerman of the State University 
of New York at Albany was the first to 
show that molecules of this type are in
tercalated between the base pairs of the 
double helix. In supercoiled DNA such 
insertion causes a local untwisting of 
the double helix. Indeed, a sufficiently 
high concentration of ethidium bromide 
will completely relax the molecule . 

More precisely, this critical concen
tration will reduce the total twist of the 
molecule. For example, in the presence 
of the dye a linear piece of polyoma-vi
rus DNA would have a total twist of 47'S 
rather than 5 00. Therefore a closed cir-

cular molecule of that DNA with a link
ing number of 475 would in the presence 
of this critical amount of dye have a 
total twist equal to its linking number, so 
that its writhing number would be zero, 
The axis of the molecule would cease 
writhing. Furthermore, if the concentra
tion of ethidium bromide is increased 
past the critical point, the total twist 
will be still further reduced, causing the 
closed circular molecule to writhe into 
an oppositely oriented supercoiL 

These effects can be observed directly 
by studying the sedimentation velocity 
of DNA molecules, as was first shown 
by Lionel V. Crawford of the Imperial 
Cancer Research Institute in Britain and 
Michael J .  Waring of the University of 
Cambridge and independently by Vino
grad and one of us (Bauer). Adding eth
idium bromide to closed circular poly
oma-virus DNA in solution causes the 
molecules of DNA to writhe less, so 
that they become less compact and sedi
ment slower. As more ethidium bromide 
is added their sedimentation velocity 
reaches a minimum; then as higher con
centrations of the dye cause the mole
cules to supercoil in the opposite direc
tion and become more compact the sed i-
mentation velocity begins to rise again. 

To create DNA molecules with differ
ent degrees of writhing it would be con
venient to be able to make a nick in one 
of the backbones of a DNA double he
lix, relax the molecule by a few turns 
and then close the nick. Astonishingly, 
enzymes have been identified that do 
just that. The first of them, an enzyme 
known as w-protein, was discovered in 
Escherichia coli by James C. Wang of 
Harvard University in 197 1. Similar en
zymes have now been discovered in a 
variety of sources, including other bac
teria, the vaccinia virus and the nucle
us and mitochondria of animal cells. 
These nicking-closing enzymes, which 
are also called topoisomerases, general
ly require no energy source to function. 
They always act to reduce the super
coiling of a DNA molecule and thereby 
lower its energy. 

Nicking-closing enzymes have proved 
to be invaluable tools for studying the 
physical chemistry of DNA To begin 
with, adding a topoisomerase to a solu
tion of supercoiled DNA gradually re
duces the supercoiling until all the DNA 
molecules are in or near the relaxed 
state, but much more ingenious applica
tions have been devised for these en
zymes. For example, suppose a high 
concentration of ethidium bromide is 
added to closed circular DNA, causing 
it to supercoil in the direction opposite 
to its usual one. If a topoisomerase is 
then added as well, the molecules in the 
solution will become relaxed, but be
cause of the large amount of intercalat
ed ethidium bromide they will be con
siderably more underwound than they 
are in their natural state. Now, if first the 

© 1980 SCIENTIFIC AMERICAN, INC



A BEA UTIFOL 
N EW  

SCIENCE 
MA GAZINE 

FROM A 
RENO WNED 

SOORCE 

Are bacteria winning out over wonder drugs? Is senility a Splendid Color Illustrations 
communicable disease? What's the new code that even You delight in some of the most vivid and informative 
computers can't crack? Do black holes really exist-the illustrations you've ever encountered in any magazine. Full 
most exotic of space objects? color photographic portfolios. Microscopic enlargements. 

How will electronic shopping work? Can biofeedback Satellite overviews. Computer visualizations. Drawings, 
control blood pressure? What's the danger of "acid rain"? diagrams, charts. Reproductions of art and artifact. Few 
How are lasers replacing scalpels? magazines are so breathtakingly illustrated. SCIENCE 80 is 

If you enjoy keeping up with all the changes taking place 
a magazine for re-reading many times! For sharing! For 
keeping-and creating a fine science library! 

on worldwide frontiers of science . . .  if you delight in adven-
ture, challenge, and discovery . . .  welcome to SCIENCE 80, Available Only by Subscription 
the new bimonthly magazine from the American Associa- SCIENCE 80 is available only by subscription. The regular 

. tion for the Advancement of Science, the largest general price is $ 12.00 a year. As a Charter Subscriber, your price is 
scientific organization in the nation. The new magazine only $9. You save 25% and receive other Charter Benefits, 
about all the scientific disciplines-and you. Where you've such as the lowest possible price on all renewals and gifts. 
been. Where you're at. Where you're headed. And why. Remember, if after receiv ing your free issue,  you no l onger 

A Magazine for You- choose to subscribe, j ust write "cancel " on our invoice a n d  

Not Just for Specialists return it to us, with no further obl igat ion . 

SCIENCE 80 is edited for you and your entire family. It's Send No Money 
written by writers who not only know their science, but also "Science," observed Oliver Wendell Holmes, "is a first-
how to make the most com- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ rate piece of furniture for a 
plex subjects easy to grasp FREE SAM PLE ISSUE man's upper chamber if he 
and memorable. has common sense on the 

You keep up with outer CHARTER RESERVATION ground floor." Your first floor 
No cost, obligation or commitment f h d space. The inner workings of is u n dou btedly u r n i s  e 

Please send me my free copy of the next issue. bi l l  me for only $9 (f ive fi l l  
. 

the mind. What's being done additional issues for a total of s ix)  a n  i mmediate sa vings of $3 over the very well. Now come I In 
in medicine. New discoveries regular  subscription price. And put me down for additional savings in some of the nooks and cran-
in c h e m istry, b i o l ogy,  t h e  future on a l l  renewa l s  and gifts. . 

nies upstairs with SCIENCE I understand that  jf after  receiving my free issue, I no longer  wish 
physics, mathematics. New to subscri be, I may write "cance' " on your  i nvoice and return it to you, 80. 
developments in natural his- with no further obl i gation. Come learn what scien-
tory. MY NAME tists the world over are re-

You meet the people who Please prin! s e a r c h i n g ,  u n e a rth i n g ,  
are making the headlines- ADDRESS theorizing.  Come find out 
as well as those who work C1lY STATE ZIP what's being invented-new 
behind the scenes in all the Send no money. Just mail to Science 80. products, new materials, new 
world's great laboratories, 1 5 1 5  Massachusetts Avenue, N.W., Washington, D.C. 20005. ways of doing things, Come 

research centers, field sta- Allow at least 6-8 weeks for delivery of first bimonthly issue. see what they're discovering 

tions. You visit the future for �lENCE80 about you-your body, your 

forecasts of tomorrow-and U� mind. Come learn with SCI-

step back into history for a American Association for the Advancement of Science ENCE 80 by reserving your 

better understanding of the Free Issue and Charter Sub-HB L 4 7 Canadian res idents add $2 .00 for postage. 
present. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ scription nowl 

131 
© 1980 SCIENTIFIC AMERICAN, INC



topoisomerase and then the dye is re
moved, the molecules will compensate 
for the additional reduction of the link
ing number by supercoiling even more 
strongly in the usual direction. In this 
way super-supercoiled molecules can 
be created, molecules that have many 
more superhelical twists than are usu
ally present. This type of energy stor
age and transfer may be central to the 
role of supercoiling in the cell. We can 

a b 

even conceive of a chemical engine that 
by going through a similar cycle of oper
ations turns chemical energy into work. 

It is also interesting to note that Mar
tin Gellart and his colleagues at the Na
tional Institutes of Health have found an 
enzyme in the bacterium E. coli that giv
en an energy source such as adenosine 
triphosphate (ATP) will reduce the link
ing number of relaxed circular DNA, 
thereby increasing its writhing number 

c 

and making it supercoil. The activity of 
an enzyme of this type, called a gyrase, 
is essentially opposite to that of the nick
ing-closing enzymes. So far gyrases have 
been found in a variety of microorga
nisms but not in any higher organisms. 

Nicholas R. Cozzarelli and his col
leagues at the University of Chicago 
have recently shown that a gyrase seems 
to act by bringing two segments of the 
DNA molecule close together. The en-

d e 

SUPER-SUPERCOILED MOLECULES OF DNA, with more su
perhelical turns than are normally present, can be created by employ
ing ethidium bromide (colored dots) in conjunction with a nicking
closing enzyme. An enzyme of this type acts to reduce the supercoil
ing of a DNA molecule by making a temporary nick in one of its 
sugar-phosphate backbones, relaxing the molecule and then reclosing 
the nick. Therefore if enough ethidium bromide is added to super-

coiled DNA in solution (0) for the DNA to become first completely 
relaxed (b) and then supercoiled in the opposite direction (c), th� ad
dition of the nicking-closing enzyme will bring the DNA back to the 
relaxed state (d). A substantial amount of dye will be bound to the 
DNA, however, so' that the DNA will be more underwound than is 
usual. Hence if the enzyme and then the dye are removed, the DNA 
will supercoil mote strongly than usual in its original direction (e). 
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zyme, then cuts both of the backbones 
of one of the segments and passes the 
other intact segment through the result
ing gap before it rejoins the originally 
c ut backbones. It is easy to show that 
such a process would alter the linking 
number of the DNA in increments of 
two rather than one, and that is exactly 
what has been observed experimentally .  

How is supercoiling measured? One 
experimental method is based on a 

discovery made by Walter Keller of the 
University of Heidel berg in 1 97 4. Keller 

' observed that if supercoiled molecules 
with even slightly different linking num
bers are moved through an agarose gel 
by electrophoresis, they do not all trav
el  at the same rate. The more compact 
molecules travel faster, and so a pattern 
of d iscrete bands is created in the gel .  
M oreover, as was later shown by Vino
grad, if one of these bands of molecules 
is cut  out of the gel and rerun, the result 
is again a single band in exactly the same 
location. In fact, as was shown later by 
Wang and one of us (Bauer), even if the 
band is heated to near melting (so that 
the bases in the double helixes become 
unpaired) and then is slowly cooled (so 
that the do uble helixes are rejoined),  it 
will still form a single band in the same 
location. 

Hence the molecules in adjacent 
bands differ by a quantity that survives 
heating and cooling and, since the bands 
are d iscrete, is q uantized.  This quantity 
can only be the linking number. The 
only reasonable interpretation is that 
the linking numbers of the molecules in 
adjacent bands on the gel d iffer by a val
ue of 1. Therefore when a population of 
DNA that includes molecules in all the 
states from relaxed to supercoiled is run 
on the gel, t. Lk, the difference in linking 
number that determines supercoiling, 
can be evaluated directly by counting 
the bands. This experimentally deter
mined value for t. Lk can be put to good 
use. For example, it can be applied to 
calibrate the untwisting effect of ethidi
um bromide on the double helix. It turns 
out that every intercalated molecule of 
ethid ium bromide produces a local un
twisting of about 26 degrees, and so eth
idium bromide can be utilized as a sub
sid iary standard for measuring the value 
of t. Lk for any supercoiled molecule. 
( I t  should also be noted that the strik
ing effect of the enzyme gyrase on the 
linking number of DNA can be observed 
clearly in gel experiments. )  

One of the  most  important results to  
emerge so far from the s tudy of super
coiled DNA is the d irect proof that the 
two backbones of DNA do indeed wind 
around each other at intervals of about 
10 base pairs. Here the most elegant 
experiments are those that have been 
done by Wang. He compared similar 
circular DNA molecules constructed by 
the methods of genetic engineering, each 

hav ing about 5,000 base pairs. The ex
act length of these molecules was not 
known, but the d ifference in length be
tween any two of them was known pre
cisely.  Some of them d iffered by only a 
single base pair, others by as many as 
400 pairs. 

The differences in the extent of s uper
coil ing observed when these d ifferent
sized molec ules were relaxed by means 
of a nicking-closing enzyme and then 
run side by side on a gel enabled Wang 
to ded uce that the number of base pairs 
for each turn of the double helix must be 
10. 4  plus or minus . 1 .  His experiment 
was a pretty demonstration of the preci
sion and sophistication of modern tech
niques of molec ular biology. M oreover, 
several models for DNA have recently 
been proposed in which the two polynu
cleotide chains do not coil around each 
other to form a double helix but instead 
lie side by side over most of their length, 
having only a few helical turns. Wang's 
results, together with those from relat
ed experiments, show that these new 
models must be incorrect .  This topolog
ical argument is very powerful in that 
it e l im inates all models of the side-by
side type, regardless of the ir molec ular 
detail. 

How does supercoiling arise? In the 
SV40 virus and the polyoma vir us 

the DNA is supercoi1ed because i t  is  
usually not naked in the nucleus of the 
cell .  D uring replication the d ouble helix 
is wound on nucleosomes (beads of pro
te in consisting of eight histone mole
cules with one or two associated mole
cules). When the DNA molecule slips 
off this supporting structure, it s uper
coils ( in m uch the same way that the 
coiled rubber tubing discussed above 
does) .  The fact that the linking number 
is always red uced in naturally occ urring 
DNA implies that when D N A  winds 
around the nucleosomes in a solenoidal 
coil,  the coil is left-handed.  Uncertain
ties in the available data and arguments 
about their interpretation make it diffi
cult to determine the exact number of 
supercoils that are generated by each 
nucleosome, but it appears likely that 
the number will turn out to be between 1 
and 2. N ucleosomes are found in associ
ation with DNA in all higher organisms; 
in lower organisms the origins of super
coiling are not completely clear. 

M uch work remains to be done before 
all the implications of supercoiling in 
DNA can be understood. In particu
lar the enzymes that are related to su
percoil ing (topoisomerases and gyrases) 
and the role of supercoiling in the repli
cation of DNA are c urrently the subject 
of intense research efforts.  It is clear,  
however, that the present knowledge 
of supercoiling, both experimental and 
theoretical, provides a sound basis for 
the investigation of this surprising mani
festation of the double helix.  

EXPERIMENTAL TECHNIQUE for mea-
. suring supercoiling involves moving a pop

ulation of closed circular DNA molecules 
through an agarose gel by electrophoresis, in 
this case from top to bottom. Because the 
more highly supercoiled molecules are more 
compact they move faster through the gel. As 
a result a set of discrete bands of molecules is 
created such that the molecules in each band 
all have the same linking number and the 
numbers associated with adjacent bands dif
fer by a value of 1. (The DNA shown here has 
been stained with a fluorescent dye, and so the 
bands containing more molecules are bright
er.) If the population includes molecules with 
various degrees of supercoiling, as is shown 
here, counting the resulting bands provides a 
direct measure of the deficit in linking num
ber that determines degree of supercoiling. U p
permost band in gel contains nicked DNA. 
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The Sere", Propeller 
Ship screws and aircraft propellers look quite ditkrent, but both 

are designed according to the circulation theory of lift. The theory 

is the traditional one developed to account for the ]jft of an airfoil 

In 1 84 5 ,  early in the history of steam 
navigation, the effectiveness of the 
screw propeller was established 

when the steam sloop Rattler. equipped 
with such a propeller, towed the steam 
sloop Alecto. equipped with paddle 
wheels, stern first at a speed of nearly 
three knots in a tug-of-war staged by the 
British Admiralty. The closely matched 
ships were driven by slow-turning steam 
engines of about 200 horsepower. The 
test was significant in that it demonstrat
ed the validity of screw-propeller pro
pulsion in the face of the intuitively 
more understandable concept of the 
paddle wheel. 

The screw propeller has remained the 
most generally useful means for driv
ing watercraft of all types and sizes. 
The chief exceptions are a few special
p urpose craft such as shallow-draft or 
hydrofoil boats. And when it comes 
to moving a piston-engine airplane 
through the air, there is no alternative to 
the propeller. The propeller has also 
been retained on turboprop aircraft 
powered by gas turbines. Most commer
cial airliners, however, are now driven 
by turbofan engines, in which the pro
peller goes by another name. In a tur
bofan engine the high-velocity gas out
put from the fuel-combustion chamber 
flows through a power turbine that 
drives a "fan," or axial compressor, at 
the front of the engine. The fan is really 
a many-bladed screw propeller designed 
to operate within the engine case. The 
fan compressor provides the air for 
combustion and also creates a low
velocity, high-volume flow of air that 
bypasses the combustion chamber and 
mixes with the hot exhaust of the power 
turbine to propel the airplane. In the tur
boprop engine the power turbine turns 
an external visible airscrew that pro
vides most of the thrust. As we shall see, 
the turboprop, by virtue of its efficiency, 
may be about to rise again. 

Anyone who has looked closely at a 
motorboat propeller and a typical air
plane propeller is aware that the blades 
of a marine screw fill a much larger frac-
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tion of the total disk area, the area swept 
out by the propeller blades, than the 
blades of an airscrew do. The aeronauti
cal engineer would say that the marine 
screw has greater "solidity . "  An extreme 
contrast can be seen if one compares the 
marine screw, or "wheel," of an ultra
large crude carrier (oil tanker) with the 
airscrew of the Gossamer Albatross. the 
ultralight aircraft that Bryan Allen ped
aled across the English Channel on June 
12 of last year. The propellers of the 
largest tankers have five or six blades, a 
diameter of up to nine meters, turn at 
about 95 revolutions per minute and can 
absorb 45,000 h.p. to drive a ship of 
more than 500,000 deadweight metric 
tons at 16 knots (8.23 meters per sec
ond). The twin screws of the 31-knot 
Queen Elizabeth 2. each of which ab
sorbs 55,000 h.p. ,  are appreciably small
er, turn much faster and have an even 
greater solidity than the screws of the 
largest tankers. 

The Gossamer Albatross propeller has 
two slim blades and a diameter 70 

percent as large as the screws of the 
Queen Elizabeth 2; when the 4. I-meter 
propeller is turned at 95 r.p.m., it ab
sorbs .25 h.p. to drive an airplane with a 
flying weight of 96 kilograms at 5 . 4  me
ters per second. Marine screws and air
screws are both the result of similar 
computer analyses that account for the 
fluid density, the interaction of the flow 
fields, the hydrodynamic or aerodynam
ic load on the blades and finally the 
practical l imitations imposed by the ve
hicle and its mode of operation. Why are 
the geometries of the two kinds of pro
peller so different? 

It is not because air is a gas and water 
is a liquid. Strangely enough, the Gos
samer Albatross propeller comes much 
closer than the ship screw to the ideal 
form of a propeller of highest efficiency 
adapted to operation in a nearly incom
pressible fluid of low viscosity, that is, a 
fluid such as water. Its shape conforms 
to theoretical considerations set forth by 
Albert Betz and Ludwig Prandtl of the 

Kaiser Wilhelm Institute for Fluid Dy
namics Research at Gottingen in 1 9 1 9  
and refined b y  a visiting British scholar, 
Sydney Goldstein, in 1 929. Their ideas 
came out of the revolution in theoretical 
hydrodynamics at the beginning of the 
century, when PrandtI invented bound
ary-layer theory, which explained the 
drag, or resistance, of streamlined bod
ies, and when W. M. Kutta of Germany 
and N ikolai Joukowsky of Russia inde
pendently invented the circulation theo
ry of lift, which explained the lift of 
wings and propeller blades. 

Until then theoretical hydrodynam
ics, which had been invented to study 
the resistance of ship hulls in motion, 
had been largely an academic disci
pline concerned with the mathemati
cal flow patterns that could be formed 
by various combinations of flow fields. 
Although the streamlines of some of 
the combined mathematical flow fields 
could be made to resemble the flow 
around a ship hull, Jean Le Rond 
d' Alembert had shown in 1742 that the 
theoretical resistance of such a flow on 
the mathematical huH form was exact
ly zero. Moreover, if the hull form was 
mathematically yawed (turned at an an
gIe to the flow field), the hydrodynamic 
force perpendicular to the direction of 
hull motion was also zero. Since real 
hulls do not exhibit zero response to real 
flows, these findings became known as 
d' Alembert's paradox. 

In the absence of a useful theory 1 9th
century naval architecture became an 
experimental science and marine pro
pellers were developed intuitively. The 
propeller was likened to a machine 
screw that advances as it turns in a 
threaded hole. Unlike metal, however, 
water yields under the thrust of the pro
peller. Hence the "effective pitch," or 
the distance traveled in one revolution, 
is less than the "geometric pitch" of the 
propeller by an amount called the slip. 
In 1865 the Scottish engineer William 
J. M. Rankine developed an "actuator 
disk" theory of the propeller, later im
proved by William Froude, in which the 
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PROPELLER OF "QUEEN ELIZABETH 2" is one of two screws 
that together absorb 110,000 horsepower in driving the liner of 67,-
000 gross tons at a top speed of 31 knots. The propeller is 5.8 meters 
in diameter and generates maximum thrust when it is turning at 174 
revolutions per minute. The screw's diameter is sharply constrained 
by the requirement that it not project below the keel or beyond the 

PROPELLER OF "GOSSAMER ALBATROSS," the ultralight air
craft Bryan Allen pedaled across the English Channel on June 12, 
1979, bears only a remote resemblance to the screw of Queen Elizabeth 2 
shown at the top of the page. Both propellers, however, act as "push
ers" and are among the most efficient of their type ever designed. 
The airscrew of the Gossamer Albatross is 4.1 meters in diameter, 

vessel's beam. In order to achieve the required thrust within the lim
ited diameter the total blade area is 89.5 percent as large as the area 
of a solid disk of the same diameter. In marine terminology the ratio 
of blade area to disk area is called the expanded area ratio; in aero
nautics the same ratio is called solidity. The Queen Elizabeth 2 pro
peller was designed and made by SMM PropeUer Ltd. of LiverpooL 

rotates at 95 r.p.m. and absorbs .8 h.p. at takeoff and .25 h.p. in cruis
ing flight. The propeller was computer-designed with the author's al
gorithms to have minimum energy in its vortex wake and minimum 
friction loss in slightly climbing flight. The Gossamer Albatross was 
designed by Aero Vironment Incorporated of Pasadena, Calif. It is 
shown here at the Johnson Space Flight Center in Houston, TelL 
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Physician� did you miss any of these 
significant developments in medical science? 
• The isolation of coxsackievirus B4 

from the damaged pancreatic cells of a 
lO-year-old boy who died of diabetic 
ketoacidosis adds to the growing evi
dence that implicates viruses in some 

forms of insulin-dependent diabetes 
mellitus (lDDM). 

• Campylobacter fetus subsp. jejuni 
causes at least as much acute gastroen
teritis as does Shigella or Salmonella; 
the culturing and antimicrobial ther
apy for c. fetus subsp. jejuni differs 
from that for the other two bacteria. 

• Miconazole shows great promise 
in patients with disseminated and 
meningeal coccidioidomycosis who do 
not respond to or cannot tolerate am
photericin B. 

• Pittsburgh pneumonia agent 
(PPM and atypical Legi onella-like 
organisms (ALLO) are particularly 
dangerous in immunosuppressed 
patients. 

• Lithium batteries for pacemakers 
have made mercury-zinc cells virtually 
obsolete; they can power a unit for 8 to 
20 years. Microcircuitry has revolu
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slip could be explained as the conse
quence of a simple increase in the mo
mentum of the fluid in the propeller slip
stream, an increase proportional to the 
thrust of the propeller. 

In this theory the slip is half the ul
timate increase in slipstream velocity 
(which depends on the thrust per unit 
disk area and the speed of the ship) mul
tiplied by the time for one propeller rev
ol ution. The geometric pitch must be in
creased accordingly when one is trying 
to arrive at the effective (or desired) 
pitch, which is the ratio of the ship speed 
in feet per minute to the shaft speed in 
revolutions per minute. Although all of 
this is almost true experimentally, the 
actuator-d isk theory gave no insight into 
why the blades sho uld develop hydrody
namic thrust loads and torque loads in 
the first place. It did, however, give a 
precedent for the idea of "inflow" veloc
ity, which would later be identified with 
the "ind uced" velocity of wing theory, 
and it associated an excessive slip (and 
a high disk loading) with reduced ef
ficiency. 

An explanation of thrust and torque 
I\. loads awaited the development of 
the "vortex, " or circulation, theory of 
lift by Kutta and Joukowsky in the per
iod between 1902 and 1 9 1 1 .  In Jou
kowsky's version of the theory the ideal 
flow of an inviscid fluid around a circu
lar cylinder is conformally "mapped," 
or transformed, into the corresponding 
flow around an airfoil with a sharp trail
ing edge. Vorticity, or circulation, is add
ed to the flow around the cylinder by 
introducing an idealized "bound," or 
"line," vortex of arbitrary strength coin
cident with the center of the cylinder. 
The strength of the vortex is adjusted 
mathematically until the flow around 
the cylinder stagnates at a singular point 
that coincides in the transformation 
with the trailing edge of the airfoil. 

The hypothetical circulation of invis
cid fluid around a cylinder of infinite 
length superficially resembles the flow 
of real fluid around a rotating sphere 
with a roughened surface sucl) as a ten
nis ball or golf ball moving with back
spin. Lift is produced as a consequence 
of the acceleration of the air flowing 
over the top of the ball and the decelera
tion of the air flowing under the ball. In 
accordance with a well-known theorem 
of the 1 8th-century Swiss mathemati
cian Daniel Bernoulli, the fluid in the 
accelerated flow has a lower static pres
sure than the fl uid in the decelerated 
flow, so that the ball is pushed upward 
from below. (A tennis ball hit with top
spin receives a corresponding down
ward push from above.) Although ideal 
inviscid flow fields satisfy Bernoulli's 
theorem, there can be no lift without cir
culation. As a result the usual second
ary-school explanation of airfoil lift in 

terms of Bernoulli's theorem is entirely 
inadequate. 

In that explanation lift is created be
ca use the air passing over the curved 
upper surface of a typical airfoil m ust 
travel farther, and therefore faster, than 
the air passing under the flatter lower 

BL ADE 
SECTION 

EFF ECTIVE PITCH 

surface. Hence the pressure above the 
wing must be less than the pressure be
low the wing, resulting in lift. Actually 
lift can be generated by a perfectly sym
metrical airfoil that is tilted upward at 
a suitable angle of attack. How does 
the airstream know how to divide at the 

ACTUAL PATH OF BL ADE 
SECTION AT R ADIUS r 

SLIP <E--
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SLIP OF MARINE PROPELLER was recognized early in tbe bistory of marine screws. Tbe 
distance actually traveled by a sbip during one revolution of tbe propeller, tbe "effective pitcb," 
is less tban tbe geometric pitcb determined by tbe propeller's blade angle. William J. M. Ran
kine and William Froude explained tbat slip corresponds to tbe increase in axial momentum 
imparted to slipstream by propeller. Tbey sbowed tbat excessive slip leads to low efficiency. 

DIRECTION OF FLIGHT 

TENNIS BALL HIT WITH BACKSPIN mimics an airfoil by distorting tbe flow field in a way 
tbat creates aerodynamic lift. Perbaps tbe earliest explanation of tbe fligbt of a "cut" tennis ball 
is attributed to Lord Rayleigb. Because of backspin tbe air flowing over tbe top of tbe ball is ac
celerated to tbe rear and tbe air flowing under tbe ball is retarded. Tbe effect is enbanced by tbe 
ball's fuzzy surface. According to Bernoulli's tbeorem, a statement of energy conservation, 
tbe pressure in tbe accelerated fluid above tbe ball, compared witb tbe pressure in tbe retard
ed fluid below tbe ball, must drop. Tbe resulting imbalance of forces pusbes tbe ball upward. 
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VORTEX THEORY OF LIFT was invented independently between 
1902 and 1911 by W. M. Kutta of Germany and Nikolai Joukowsky 
of Russia. In Joukowsky's formulation, depicted here, an inviscid flow 
around a cylinder of infinite length is "mapped" mathematically into 
the flow around an airfoil. The flow can be symmetrical, as is shown. 
Joukowsky added to the in viscid flow an idealized vortex flow coin
cident with the center of the cylinder. The strength of this "bound" 
vortex, or circulation, r, is chosen so that it gives rise to a stagnation 
in tbe flow at the aft singUlar point x on the cylinder. When this circu-

ANGLE OF 
ATTACK 

(,,) 

lation is mapped onto the airfoil, it aligns the flow field with the sharp 
trailing edge. Under these conditions the circulation creates a lift on 
both the cylinder and the airfoil. The lift per unit of.span is equal to 
p vr, where p is the fluid density (in this case the fluid is of course 
air) and V is the velocity of the remote, or undisturbed, stream. The 
thickness of the airfoil is controUed by the value that has been as
signed to the offset dimension e. The airfoil angle of attack, a, corre
sponds to the misalignment of the two singular points of transforma
tion, designated x and x', with respect to the remote stream direction. 
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LIFT PER UNIT SPAN (�) __ pwr 
CONCEPT OF TRAILING VORTEX SHEET was introduced by 
Ludwig Prandtl to account for the flow around wings where the lift 
and the bound vorticity must fall to zero at the wing tips. The vor
tex sheet (left) is made up of filaments, or infinitesimal line vortexes, 
aligned approximately with the direction of flight and increasing in 
strength toward the wing tips, where they roll up to form tip vortexes. 
The collective velocity field of the vortex filaments imparts a "down
wash," or induced velocity, to the vortex sheet as part of the roll-up 
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process. As is shown at the right, the down wash velocity (w) is added 
vectorially to the flight velocity in space (V) to produce a local stream 
velocity (W) that is misaligned with the flight velocity by the induced 
angle of attack (a). In order to produce a specified lift the geometric 
angle of attack of the wing section must be larger than the airfoil's 
effective angle of attack by an amount equal to the induced angle. 
As a result the lift 'vector (dL/dy) will be rotated aft by an amount 
equal to the induced angle, thereby giving rise to an induced drag. 
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leading edge and reunite at the trailing 
edge so that the flow over the upper sur
face of the wing will on the average have 
a higher velocity and a lower pressure 
than the flow under it? 

The angle of attack is therefore cru
cial,  but there is no satisfactory physi
cal theory to explain why the flow di
vides precisely the way it does. Joukow
sky's adjustment of the vortex strength 
to produce stagnation at the aft singu
lar point of the transformed cylinder 
(that is, the airfoil) has the effect of 
aligning the flow field with the trailing 
edge of the airfoil, a plausible assump
tion called the Joukowsky hypothesis or 
the Kutta-Joukowsky hypothesis. The 
effect of aligning the flow at the trailing 
edge is to misalign, or offset, the flow 
where it divides at the leading edge of 
the airfoil in such a way that circulation 
and lift result. The leading edge should 
be well rounded, as Joukowsky's math
ematical airfoils are. 

The angle of attack of the airfoil can 
be varied by tilting the axis connecting 
the fore and aft singular points of the 
transformation with respect to the direc
tion of the remote flow field, that is, its 
direction before it has been influenced 
by the airfoil. The airfoil camber, or 
centerline c urvature, can be varied by 
offsetting the radius joining the center 
of the cylinder to the aft singular point 
from the axis of the singular points in 
the transformation. Each of these mis
alignments involves a change in the 
strength of the circulation, or bound 
vortex, and gives rise to corresponding 
changes in the lift of the airfoil. Wind
tunnel tests of Joukowsky airfoils done 
by Joukowsky and his associates in 
Russia and by Prandtl and his associ
ates in Germany just before World 
War I verified the predictions of the 
theory for small angles of attack and 
small amounts of camber. All modern 
airfoil theories incorporate Joukowsky's 
results as a special case. 

Although Joukowsky's theory explains 
I\.. the lift of wing sections in two-di
mensional flow (that is, in the absence 
of span wise components in the flow ve
locity), it presents difficulties when it is 
applied to the flow around wings of fi
nite span where span wise flow exists and 
where lift and the bound vorticity must 
all go smoothly to zero at the wing tips. 
This problem was solved by Prandtl, 
Betz, Max Munk and C. Wieselberger 
at Gottingen shortly before or during 
World War I .  They introduced the con
cept of a trailing vortex sheet made up 
of infinitesimal line vortexes roughly 
aligned with the direction of flight. The 
strength of each of the trailing vortexes 
is proportional to the local spanwise 
gradient of the bound vorticity associat
ed with the local value of lift of the air
foil section on Joukowsky's model. 

The trailing vortexes are particularly 

,-----------------------� 
: i S geak S nanish 1 : like a aiplomat! : 
I What sort of people need to learn a The FSl's Programmatic Spanish I 
I foreign language as.quickly and effec· Course comes in two volumes. You I tively as possible? Foreign Service per· may order one or both courses: I sonnel, that's who. Members of 0 Volume I, Basic. I 
I America's diplomatic corps are assign· (11 cassettes, 16 hours), instructor's I ed to U.S. embassies abroad, where manual and 464·page text, $115 I they must be able to converse fluently I 

in every situation. 0 Volume II, Advanced. I I Now you can learn to speak Spanish (8 cassettes, 11'/2 hours), instruc· 

I just as these diplomatic personnel do· tor's manual and 614 page text, $98 I 
with the Foreign Service Insti. (New York residents add sales tax.) 

I tute's Programmatic Spanish Course. Your cassettes are shipped to you in I 
I The U.S. Department of State has handsome library binders. I spent tens of thousands of dollars de· TO ORD ER, JUST CLIP THIS AD and 
I veloping this course. It's by far the mail with your name and address, and a I 
I most effective way to learn Spanish at check or money order. Or, charge to I 

your own convenience and at your own your credit card (American Express, I pace. VISA, Master Charge, Diners Club) by I 
The Programmatic Spanish Course enclosing card number, expiration I I consists of a series of tape cassettes date, and your signature. 

I and an accompanying textbook. You The Foreign Service Institute's I 
simply follow the spoken and written Spanish course is unconditionally I I instructions, listening and repeating. guaranteed. Try it for three weeks. If 

I By the end of the course, you'll find you're not convinced it's the fastest, I , yourself learning and speaking entirely easiest, most painless way to learn I in Spanish! Spanish, return it and we'll refund I 
I This course turns your cassette every penny you paid! Order today! I 

player into a "teaching machine." With Many other FSI language courses 

I its unique "prOgrammatic" learning also available. Write us I 
method, you set your own pace- I I testing yourself, correcting errors, rein· Audio Forum I I forcing accurate responses. Dept

E
· 608 

h S 145 ast 49t t. 

I !!!!III.UDI"..�".ftl Im® New York, N.V.100H -"" -' I 
iii .. .. .. RW' (212) 753·1783 - 6 

,-------------- - -- - --- ---, 

139 
© 1980 SCIENTIFIC AMERICAN, INC
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OPTIMUM DISTRIBUTION OF LIFT, corresponding to the mini
mum induced drag, is achieved when the lift and the "bound" circula
tion vary elliptically from wing tip to wing tip. With that distribution 
tbe velocity field induced by the trailing-vortex system will convect 
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the vortex sheet downward with a uniform downwash velocity across 
the entire span. In this condition a minimum amount of kinetic energy 
is transferred to the vortex wake for a given amount of lift. The min
imum-loss condition was found by Prandtl's colleague Max Munk. 

, , , I I 

ROTATION VELOCITY 

(nk) VELOCITY 
IN SPACE 

/ LIFT PER 
UNIT RADIUS 

(�) 
INDUCED 
("DOWNWASH") / VELOCITY 

HUB VORTEX 

TIP VORTEX 

I 
, 
I I 
I 
I 
1 
I ./ (w) 

AXIAL 
--VELOCITY 

IN SPACE 
(V) 

PROPELLER ROTATION VELOCITY 
AT A GIVEN RADIUS 

(flr) 
VORTEX FILAMENTS 

TIP 
VORTEX 

/ 

VORTEX THEORY OF PROPELLERS is like the vortex theory of 
wings except that the trailing vortex sheets of propellers are helicoi
dal surfaces (top). The sheets roll up into as many tip vortexes as there 
are blades in the propeller and into one central hub vortex equal in 
strength to the sum of the tip vortexes. The vectors of induced veloc
ity (w) are perpendicular to the surface of the helicoidal sheets and 
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RADIAL LIFT 
DISTRIBUTION 

/ 

LIFT PER UNIT RADIUS = �= pwr 

correspond in magnitude to the slip in the Rankine-Froude momen
tum theory of marine screws. For minimum induced loss each heli
cal vortex filament (bottom) should move perpendicularly to itself in 
such a way that the entire vortex-sheet array appears to move axially 
with a constant "displacement" velocity. The vortex-sheet motion for 
the minimum loss was discovered by Prandtl's colleague Albert Betz. 
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strong near the edges of the sheet, at 
the wing tips, where the gradient tends 
to reach infinity. The trailing vortex 
sheet rolls up around its intense outer 
edges, forming two distinct "tip vortex
es" (which, however, were not accounted 
for in the primitive theory).  The roll-up 
process is substantially complete sever
al wingspans behind the trailing edge, 
where the tip vortexes are spaced less 
than a wingspan apart. When the humid
ity of the upper atmosphere falls within 
a certain range, the water vapor from 
the exha ust of an aircraft's engines will 
condense within the cores of the tip 
vortexes and make the vortexes visible 
as condensation trails. 

The collective velocity field of the 
vortexes within the vortex sheet gives 
rise to a "downwash," or induced veloci
ty, that tends to convect the sheet down
ward at every stage in the roll-up proc
ess. In particular, if the lift of the wing is 
distributed elliptically in the spanwise 
direction, the vortex sheet (before it 
rolls up) is convected downward with a 
uniform velocity across its entire width. 
The kinetic energy associated with the 
trailing vortex flow field is unrecover
able, but the losses are minimized for 
a given lift, flight speed and wingspan 
if the lift is elliptically distributed. This 
important result is attributed to Munk. 

10ukowsky's model for airfoil lift in 
two-dimensional flow can be incorpo
rated into a vortex theory for wings of 
finite span by calculating the magnitude 
of the downwash induced by the trail
ing-vortex system. The vector sum of 
the downwash velocity and the flight ve
locity creates an induced angle of at
tack. The necessary geometric angle of 
attack with respect to the undisturbed 
air is obtained by adding the induced 
angle of attack to the theoretical angle 
of attack required for a wing of infi
nite span in two-dimensional (Joukow
sky) flow. 

The vectors of wing lift also are rotat
ed to the rear through an angle equal 
to the induced angle of attack, thereby 
creating an induced drag. Finally, the 
rate of loss of energy corresponding to 
the product of the induced drag and the 
flight velocity exactly balances the ki
netic energy continuously added to the 
vortex system. There is in addition a 
frictional drag on the wing sections 
due to the operation of viscosity in the 
boundary layers adjacent to the wing 
surfaces, an effect that was also de
scribed by Prandtl. The predictions of 
the vortex theory of wings were con
firmed by wind-tunnel experiments at 
Gottingen during World War I .  

Prom here it  is  only a short step to a 
vortex theory of propellers. The es

sential difference is that the trailing vor
tex sheets of a propeller are initially he
licoidal. Eventually they roll up into as 
many tip vortexes as there are blades 

and into one central hub vortex of oppo
site rotation whose strength is equal to 
the sum of the strengths of the individu
al tip vortexes. The collective velocity 
field of the helicoidal vortex sheets is 
identical with the "tailrace, "  or slip
stream, of the running propeller. And 
just as there is a single vortex-sheet mo
tion that minimizes the induced losses of 
the lifting wing, so there is a single vor
tex-sheet motion that minimizes the in
d uced losses of a thrusting propeller. 

w 
o :s m 
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This motion was discovered by Betz, 
and the corresponding (but approxi
mate) radial distribution of bound vor
ticity for a 10ukowsky model of op
timum distribution of blade lift was 
calculated by Prandtl. They published 
their results in 1 9 1 9. Goldstein joined 
the Gottingen group in the 1 920's and 
defined the errors in Prandtl's approxi
mate circulation distribution for his doc
toral dissertation in 1 929. 

It is perhaps fair to say that even aero-

VORTEX WAKE OF TWO-BLADED AIRSCREW, a model-airplane propeller (top), was 
photographed in a special wind tunnel in the late 1950's by F. M. N. Brown of the University 
of Notre Dame. The photograph shows how smoke filaments in a vertical array are twisted up 
into a series of tip vortexes uniformly spaced at the pitch of the propeller. The vortex at the 
hub of the propeller is disrupted by the drive-shaft housing. Diagram at the bottom shows how 
curved discontinuities correspond to sections through helicoidal vortex sheets shed by blades. 
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nautical engineers have had difficulty 
assimilating the Betz-Prandtl-Goldstein 
contributions precisely because the vor
tex sheets of a propeller, and their geo
metric development in space, are hard 
to visualize in three dimensions. The 
propeller is, after all, a peculiar kind of 
wing. Unlike a wing, which in straight
away flight meets the air everywhere at 
the same average velocity and so has a 
common angle of attack from root to 
tip, the propeller meets the air at a dif
ferent velocity at each radius. That is 
why a propeller blade is designed with a 
twist. Near the hub, where the axial, or 
forward. velocity of the blade section 
is high compared with the circumferen
tial velocity, the chord line, or tilt, of the 
blade departs only slightly from the di
rection of flight. At the blade tip, where 
the circumferential velocity is high com
pared with the forward velocity, the 
chord line may be twisted almost at 
right angles to the line of flight. 

As we have seen, the velocity field of 
the trailing vortex sheet creates a down
wash that is perpendicular to the di
rection of the airfoil's motion through 
undisturbed space. Near the hub of 
the propeller, therefore, the downwash 

bends backward only slightly from the 
line of fl ight. In other words, the vector 
of induced velocity near the hub has a 
high rotational component and only a 
small axial component. Accordingly the 
blade sections near the hub contribute 
only a small part to the propeller's to
tal forward thrust. N ear the tip of the 
blade, in contrast, the induced velocity 
has a high axial component and a much 
smaller rotational component. As a re
sult the thrust per unit radius for a blade 
of constant section would increase from 
hub to tip except near the tip, where it 
must fall to zero "elliptically." 

It  might be thought that since the out
er part of the blade does more useful 
work than the inner part, the outer part 
should be emphasized in the design of 
the propeller. One can imagine, for ex
ample, a propeller whose blades expand 
in width from hub to tip. Such a geome
try (even if it were structurally attain
able) would be relatively inefficient. The 
propeller counterpart of the spanwise 
uniform downwash velocity for an effi
cient wing is achieved when the induced 
velocity at any radius of the propeller 
blade is equal to half the vortex-sheet 
velocity at the same radius, and when 

the vortex-sheet velocities, axial and ro
tational, vary with the radius in such a 
way as to present the appearance of 
a uniform axial "displacement" veloc
ity. A rotating barber pole with helical 
stripes, for example, has a finite axial 
displacement velocity but no real physi
cal axial velocity. 

In general the propeller geometry of 
highest efficiency, known as the ge

ometry of minimum induced loss, is that 
of a propeller whose blades have a max
imum chord near 30 or 40 percent of 
their radius and taper to a pointed tip. 
Such blades were a common feature of 
the aluminum-alloy propellers made in 
the late 1 920's and early 1 93 0's. As en
gines became more powerful and were 
supercharged to reach higher altitudes it 
became commonplace to increase the 
blade area toward the tip in order to 
absorb the higher power without in
creasing the propeller radius. Larger 
diameters were ruled out because tip 
speeds were already transonic, that is, 
moving at roughly the speed of sound, a 
regime for which no satisfactory blade 
designs were known. In extreme cases 
the tips were even made square. Such 

PEDAL-DRIVEN BIPLANE "CHRYSALIS" was built by students 
at the Massachusetts Institute of Technology between March and June 
of last year. The biplane configuration was chosen to minimize drag. 
The wingspan was limited to 22 meters by hangar space. Because of 
its comparatively short wingspan and its weight of 43 kilograms (30 

percent more t.ban that of Gossamer Albatross) Chrysalis required an 
input of at least .3 to .4 h.p. at the pedals, depending on the pilot's 
weight. The Chrysalis propeller, like that of Gossamer Albatross, was 
designed by a computer program written by Hyong Bang based on 
the author's algorithms. Photograph was made by Steven Finberg. 
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departures from the geometry of mini
mum induced loss led to small losses in 
propeller efficiency that were not no
ticed by the large majority of aeronauti
cal engineers of the day, most of whom 
probably had not read, or perhaps had 
not understood, Goldstein's work (or 
the commentaries on it by Hermann 
Glauert and later by Theodore Theo
dorsen). Only when the designer needs 
every iota of efficiency is minimum
induced-loss design essential. 

My own contribution to propeller the
ory has been to develop a "radially grad
ed" momentum theory that lends itself 
to computer implementation and that 
is consistent with the Betz-Prandtl form 
of propeller vortex theory. All propeller 
theories seek to calculate the induced 
velocity of the propeller-blade elements 
that is due to the trailing-vortex system. 
In the case of propellers with minimum 
ind uced loss the half-displacement ve
locity corresponds to the slip velocity 
of actuator-disk theory of Rankine and 
Froude. As in wing theory, the axial and 
rotational components of the induced, 
velocity (called the inflow velocity in 
propeller theory) require an increase 
in blade angle for a specified thrust to-

gether with a backward rotation of the 
blade-lift vectors, thereby increasing 
the torque needed to turn the propeller. 
The required increment corresponds to 
an induced torque. The vortex theory 
of propellers is hence entirely consistent 
with the early momentum theories of 
marine propellers and accounts for the 
details of blade loading that correspond 
to a specific propeller geometry. 

Propellers, like wings, also have "pro
file," or friction, losses owing to the ac
tion of viscosity in the air flowing near 
the airfoil surface: the boundary layer. 
These losses are minimized by operating 
the blade elements at angles of attack 
where the ratios of drag to lift are low 
and, if possible, by choosing helix angles 
equal to 45 degrees minus half the angle 
whose tangent is the lift-to-drag ratio 
of the blade in two dimensions. Reduc
ing the friction losses therefore calls for 
fairly high "advance ratios" (ratios of 
forward speed to propeller-tip speed of 
about . 7) and a small number of blades, 
so that the solidity (or blade-to-disk 
area) can be concentrated in a few wide 
blades that will operate at high Reyn
olds numbers and correspondingly low 
skin friction. (The Reynolds number is 

a ratio of the momentum forces to the 
viscous forces in a fluid and helps to de
termine the character of the boundary 
layer and its resistance to separation.) 
Induced losses, on the other hand, are 
minimized by increasing the number of 
blades and lowering the advance ratio in 
order to decrease the spacing between 
individual vortex sheets and to make 
them more nearly perpendicular to the 
propeller axis. The objective is to make 
the slipstream velocity field as uniform 
as possible. The requirements for low 
induced losses and low friction losses in 
a propeller are therefore opposed to 
each other; propellers of the highest ef
ficiency require an optimum balance of 
the two. 

By the use of the approximate analyt
ic Betz-Prandtl circulation distribu

tion I have been able to write down sim
ple algorithms, or computational proce
dures, that enable a propeller designer 
to determine the geometry of a propeller 
of minimum induced loss after accept
ing whatever design constraints may set 
a floor on reaching the lowest possible 
induced loss. (For example, if the de
sign necessitates a two-blade propeller, 

"GOSSAMER ALBATROSS" is sbown approacbing tbe coast of 
France last June to claim tbe prize of £100,000 tbat bad been offered 
by Henry Kremer, a Britisb industrialist. Allen, tbe 137-pound pilot, 
is a 27-year-old professional bicyclist and bang-gliding entbusiast. 
Tbe fligbt of 22.26 miles, bampered by bead winds, took two bours 

49 minutes. Tbe craft was never more tban IS feet above tbe water. 
Alien'S instruments were an air-speed indicator and an altimeter in
corporating tbe sonar range finder from a Polaroid SX-70 camera. 
His average pedaling rate was 75 r.p.m., corresponding to a propel
ler rotation of 95 r.p.m. Tbe pbotograpb was made by Don Monroe. 
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---£b SECTION 

-�- �==-==---====-=�=-�� - --- ---��EVELOPED PLANFORM 

�-------213.36 CENTIMETERS (84 INCHES) -------�)I 
"CHRYSALIS" PROPELLER is sbown from tbe front (top) and tbe side (bottom). Tbe "devel
oped planform," indicated by tbe broken outline, is tbe geometry tbe blade would bave if it were 
untwisted. Tbe maximum cbord is at 30 percent radius. Tbe propeller diameter of 4.27 meters 
is about 4 percent larger tban tbat of Gossamer Albatross. Botb propellers were designed ac
cording to tbe autbor's algoritbms for minimum induced loss. Chrysalis was designed for an in
put of .5 b.p. (373 watts), a propeller-rotation rate of 135 r.p.m., a fligbt velocity of 4.88 meters 
per second (10.9 miles per bour) and tberefore an "advance ratio" (forward speed divided by 
blade-tip speed) of .1617. Because of tbeir bigb tip speed (6.26 times fligbt speed) propellers of 
this type would be unsuitable for aircraft flying more tban 50 meters per second (112 m.p.b.). 

1 00 
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PROPELLER-ADVANCE RATIO (FORWARD SPEED/BLADE-TIP SPEED) 

CALCULATED PERFORMANCE of tbe Chrysalis propeller sbows bow tbe coefficients of 
thrust (solid black curve), power (broken black curve) and overall efficiency (color) vary witb 
the propeller advance ratio. Tbe minimum induced loss for tbe design disk loading occurs at tbe 
design point where tbe propeller efficiency approacbes 83 percent. Tbe efficiency continues to 
improve at higher advance ratios (equivalent to turning tbe propeller more slowly at a fixed 
flight speed) even thougb the induced losses are no longer minimized; tbey simply become less 
as the load on the propeller is reduced and the average axial velocity of tbe slipstream is de- . 
creased. Coefficients of thrust and power are higber wben tbe propeller is turning faster tban at 
the design point (curves to the left of the design point) and fall off rapidly with slower turning. 
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for whatever reason, the designer can
not explore the possible advantages of 
adding more blades.) These algorithms 
thus yield a propeller of the highest pos
sible efficiency that will develop a given 
thrust or absorb a given amount of pow
er for a specified diameter, number of 
blades, flight speed, shaft speed and air 
density. The algorithms also account for 
a wide range of lift-to-drag ratios for 
blade elements of different contours in 
order to achieve desired litt coefficients 
at specified design points_ Since the cal
culations give the propeller efficiency 
not only at the design point but also 
under flight conditions away from the 
design point, they can be used by the de
signer to change his design point. 

It has been my good fortune to take 
part in a practical demonstration of the 
validity of what may properly be called 
a classical theory of propeller aerody
namics, first published in 1919 (a year 
before I was born) and practically for
gotten by 1 942, when I began my profes
sional career at the Buffalo, N.Y., plant 
of the Curtiss-Wright Corporation. I 
owe this demonstration to enthusiastic 
students at the Massachusetts Institute 
of Technology who wanted to build a 
pedal-driven airplane in January, 1979, 
and who called on me for propeller
design concepts I had organized main
ly for presentation at a symposium. 

The students were fired by the dream 
(remote, to be sure) of winning the prize 
of £ 1 00,000 offered by Henry Kremer, a 
British industrialist, for a human-pow
ered airplane capable of crossing the 
English Channel. (An earlier Kremer 
prize of £5 0,000 for the first human
powered airplane capable of completing 
a figure-eight course around two pylons 
half a mile apart had been won in Au
gust, 1977,  by Gossamer Condor, an ul
tralight craft designed by Paul Mac
Cready, president of AeroVironment 
Incorporated of Pasadena, Calif.) 

As a first step my students Hyong 
Bang, Robert Parks and Harold Youn
gren coded up a version of my propeller 
algorithms for machine calculation and 
applied them to the redesign of the pro
peller for an eighth-scale, free-flying, ra
dio-controlled model of a biplane they 
planned to name Chrysalis. The model, 
with a wingspan of 2 . 7 4  meters, was 
powered by the motor from a Polaroid 
SX-70 camera that turned a propeller 
with an II-to-one reduction gear_ The 
model was constructed in one week in 
February. Compared with an intuitively 
designed propeller, with which the mod
el would barely maintain level flight 
with fully charged batteries, the theoret
ically correct propeller, matched to the 
airframe and power plant, enabled the 
model to fly three and a half figure 
eights around pylons 20 meters apart in 
the M.I.T. gymnasium before the batter
ies ran down. 

The second success for the revived 
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Chez Renault Profiles from the Paris Factory/One of a series 

II IL ess is more' seemed for a long time an exclusive 
pre-occupation of European car-makers . . .  born of the 

necessities of life here. Suddenly /less is more' 
has become the rallying cry of car-makers all over 

the world - even in America:' 

Pierre TIberghien has spent all of his 
29-year working career in some phase 
of engineering at Renault, the last five 
years as head of Renault's Research and 
Development Center. Despite his 
l ifelong association with things 
mechanical and automotive, questions 
about horsepower, ex factors, pre
cious metal shortages, front-wheel drive 
and inevitably, fuel economy, more 
often than not elicit answers that have 
to do with people and their ever
changing needs . 

o 
Though it's apparent TIberghien has 
thought a lot about cars, it's even more 
apparent that what really fires him is 
the car's multi -leveled relationship to 
people and to the world. His talk is 
peppered with phrases -"social needs: 
'polyvalent vehicles: "cars as an invad
ing phenomenon in everyday life' -
that testify to the fact that his head and 
his heart are very close together. 

o 
When TIberghien was graduated from 
the prestigious Ecole Centrale thirty 
years ago, European car-makers were 
responding to the immediate post-war 
needs of Europe. 'Affordabil ity"was the 
primary consideration; with the evolu
tion of post-war Europe, European 
needs also evolved. The 'two-box" con
cept is a case in point. Basic car config
uration had traditionally been 'three
box": motor'box" plus passenger'box" 
plus luggage 'box ' In the 60's, Renault 
engineers, responding to the changes 
in French and European life, began 
pioneer work on a 'two-box" configura
tion. The passenger and luggage'boxes" 
were combined into one adjustable 
area; this new configuration - soon to 
be popularly called the 'hatchback" -
revolutionized basic car design . Here 

Pierre Tiberghien 
Director, Automobile Research 
and Developmfllt /Rigie Renault 

was a car equal to the rigors of the city 
but, come Friday, ready to serve as a 
kind of mini station wagon . Faire plus 
avec moins, indeed. 

o 
"To do 'more with less' you must inno
vate not only on the object," says 
TIberghien, 'but also on the public's 
perception of an object. The 'some
thing new' that you come up with can 
be shocking to people's expectations. 
But only by taking that risk can you 
succeed. The key is people's needs, not 
their expectations. Their expectations 
are based on the past; their needs, on 
the present and the future ' 

o 
One of seven chi ldren, TIberghien him
self is the father of five, ranging in age 
from to to 23 years old. He is also a 
recent grandfather TIberghien and-his 
wife l ive in a modern Paris apartment 
with a varying number of their brood. 
Long week-ends can find them in the 
small village of Muids in Normandy 

Quite a different holiday took place 
last summer when all seven of the 
Tlberghien s motored through the 
American West. Not only was it a 
unique vacation, it also enabled 
TIberghien to experience American 
driving at first hand. He came away 
convinced that Renault cars uniquely 
answer many present-day U. S. driving 
needs . 

o 
The car is a phenomenon that has 
shaped the look and manner of the 
20th century just as bronze tools and 
sailing ships shaped other eras. The 
other great 20th century phenomenon 
is the apparent shrinkage of the world: 
some occurrence in what once would 
have been a distant, exotic place now 
affects us right in our own backyard 
garage. TIberghien is very sensitive to 
the new role of the car - and what a car 
should be - in this new "small' world. 
"We must be conscious of social re
sponsibil ities . .  to make cars that are 
adapted to man's needs . . .  that include 
safety factors beyond the legislated 
required ones . . .  cars that cautiously 
husband the use of increasingly more 
precious metals and that are economy
intensive. We reduce and reduce and 
then come up with something different 
that, surprisingly, is something 'more." 

o 
We welcome your comments, questions 
or thoughts about any of the above. 
Write to Renault, U. S.A ,  Inc. , 
Corporate Group, Englewood Cliffs, 
NJ 07632 .  

RENAULT 
the car company of France 
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Many companies don't call 
AMP until they need electronic 
connectors or switches. But 
why wait till then? If you 
involve us early enough, we 
can help you save money. A 
lot of money. 

Soon, tiny glass fibers 
transmitting light energy signals 
will be used where once hundreds 
of wires were needed. 

They'll be adopted by many 
industries. And they'll touch our 
lives in many ways. 

The future of fiber optics is 
bright. And one of the reasons is 
because we've already found a 
better way to connect the fibers. 

Our connector precisely aligns 

each fiber automatically so that it 
can be polished and connected 
quickly. It's made a simple few
minute task out of a job that took 
skilled operators up to an hour. 

Already, significant cost savings 
can be seen. Clearly. 

Can we produce the same 
kind of savings for you? 

If your company manufactures 
electrical! electronic products, the 
answer is probably yes. But it's 
important for you to call us early. 

ANi P 
AMP has a better way_ 

That's when our experience in 
developing connectors, switches 
and application equipment for 
hundreds of industries worldwide 
can help you the most. 

Early Involvement 
At AMP, we call this approach 

to solving our customers' problems 
"Early Involvement." It's our better 
way. And it's what makes a 
$1 .76* AMP connector worth so 

much more than $1 .76. 
Ask for a copy of our brochure 

"AMP Has a Better Way." Call 
(717) 564-0100, Ext. 8420. 

Or write to AMP Incorporated, 
Harrisburg, PA 17105. 

'Quantity price for two connector halves and 
. splice bushing 

Barcelona · Brussels . Buenos Aires · Frankfurt · Harrisburg · Helsinki · s-Hertogenbosch • London · Luzem • Mexico City • Montreal 
Paris . San juan · Sao Paulo · Stockholm · Sydney · Turin • Toronto • Tokyo 
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Belz-Prandtl theory came when the 
same students designed a new propeller 
for the Gossamer Albatross monoplane, 
which MacCready's group had built for 
its own attempt at the cross-Channel 
prize. Bryan Allen, a young profession
al bicyclist who weighed 1 3 7  pounds, 
had been able to keep Gossamer Alba
tross aloft only 1 7  minutes when it 
was equipped with its original propel
ler. With the new M.I.T. propeller, in 
combination with improvements in the 
airframe of the plane, Allen believed he 
could keep the plane aloft for hours, or 
until his own "fuel supply" of glucose 
and water was exhausted. The actual 
Channel crossing, impeded by head 
winds, required Allen to pedal for two 
hours 49 minutes. The distance covered 
was 22.26 miles; the average ground 
speed was 7.9 miles per hour. 

The third success for the Betz-Prandtl 
theory came with the design of the 

propeller for the full-scale Chrysalis. 
Constructed between March and June, 
the biplane made more than 3 20 flights 
during the summer before it was finally 
dismantled in September. If Chrysalis 
had not had a theoretically correct pro
peller, matched to its airframe and pow
er plant ( .5 h.p.), I doubt that with its 
short wingspan and substantial weight 
( 1 0  kilograms more than Gossamer Al
batross) it could have flown at all. 

Compared with the problems of the 
designer of airplane propellers the prob
lems of the designer of ship propellers 
are far more constraining. The screw di
ameter is limited on the one hand by the 

maximum permissible draft of the laden 
ship and on the other by its waterline 
when the ship is lightly laden. The pro
peller must ingest a heavily nonuniform 
flow field, distorted by the contours · of 
the stern and full of velocity defects pro
duced by the hull boundary layer. In 
spite of a favorable multiblade geome
try, the sharp limitation on screw diame
ter leads to excessive disk loading and to 
large induced losses. The solidity of the 
propeller, already large because of the 
heavy disk loading, is further increased 
by the limits imposed on blade angle 
of attack and camber by the necessity of 
limiting cavitation in the flow. Cavita
tion results when the fluid velocity near 
the blades is raised so high that the local 
pressure falls below the vapor pressure 
of water. In effect the water boils, sud
denly creating cavities in the flow field. 
Cavitation is the principal source of ma
rine-propeller noise. 

Further difficult problems are pre
sented by resonant frequencies of ex
citation that can be set up between 
the turning blade and the hull of the 
ship. Marine propellers are usually giv
en curved blades with swept-back lead
ing edges in order to make the excitation 
less sharp as a function of blade-rotation 
angle. For all these reasons the analysis 
of ship propellers must take into ac
count the variation in inflow velocity 
over the entire blade surface and ac
count for the roll-up of the vortex sheet, 
which takes place very quickly with 
heavily loaded propellers. The simple 
approximate distributions of inflow ve
locity and circulation of Betz, Prandtl 

RUNNING MARINE PROPELLERS are studied in M.I.T.'s marine-hydrodynamics labora
tory with the aid of high-speed photography by members of the Department of Ocean Engi
neering . .In this photograph, which shows the screw from above, the white region at the tip of 
the middle blade is a large bubble of water vapor, evidence of abrupt cavitation caused by a 
nonuniform flow field that simulates the wake of a ship's hull. Low pressures created on the 
"suction," or front, surface of the blades induce instantaneous boiling of the nearby water. As 
the blade turns, the large bubble collapses and gives rise to a stream of smaller bubbles. Cyclic 
cavitation reduces propeller efficiency, causes vibration and generates a characteristic acoustic 
"signature." Cavitation is reduced by increasing blade area and by optimizing blade geometry. 
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ears 
Using non-technical language and 
.. llght touch Roy· Ha.rtkopf gives 
you .. basic understanding ot 
many everyda)' applications ot 
mathematics. He takes the reader 
from simple counting to trigo
nometry and calculus, empha
sizing t.he practical aspects of 
-math. Humoroush' written. Learn math in the comfort of !lOur own home at m!�
imum c'ost. 
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MERGER OR 
FINANCING? 
Are you thinking of equity financ
ing  or merger of your compa ny, 
n ow or in t h e  future ? B e c k m a n  
Instruments maintains a long - term 
search for top q u a l ity, tech nical  
growth opport u n it ies servi ng sci 
ence, medicine, and industry. Per 
haps you or an associate would 
like a copy of our Diversif ication 
Interest s statement - for your pres 
e n t  rev iew or f u t u re refe r e n c e .  
Av a i l a b l e  o n  r e q u e s t  a n d  i n  
c o n fi d e n c e .  

ROBERT B BROWN 
Director of Corporate Planning 

e E C K M A N® 
Beckman Instruments, Inc. 

2500 Harbor Blvd. , Fullerton, CA 92634 
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Tel:  (21 2) 888-1420 Open WeekdlYI 8:30-8:00 
OPEN SUNDAYS 1 11-4 p.m. Clo.ed SlturdlY. 

and Goldstein are not applicable to ship 
screws; the designer must fall back on 
semiempirical numerical methods of 
analysis. In the end the efficiency of ma
rine propellers is usually about 70 per
cent. N aval architects accept this as the 
best that can be done given the nature of 
the strong practical constraints. 

At present considerable study is being 
.f\. given to propellers for airplanes in
tended to fly at 80 percent of the speed 
of sound, which corresponds to about 
850 kilometers per hour (about 5 3 0  
m.p.h.)  a t  cruising altitudes of from 1 0. 7  
t o  1 3 . 7  kilometers (3 5 ,000 t o  4 5 ,000 
feet). The blades of such propellers will 
also have rotational tip speeds of 80 per
cent of the speed of sound, and when the 
forward component of velocity is add
ed,  the tip speeds will  reach 1 1 3 percent 
of the speed of sound. At such speeds 
propellers will  need to be multi blade in 
order to achieve good lift-to-drag ratios 
and will have high solidity. Hence they 
will strongly resemble marine propel
lers. Efficiencies of 80 percent should be 

achievable. The high-speed propellers 
will be noisy in operation (for reasons 
quite different from those that make ma
rine propellers noisy). The noise, how
ever, will be chiefly "near field" noise, 
which can be made tolerable by improv
ing the sound insulation of the fuselage. 
The "far field" noise may actually be 
less than that of existing turbofan en
gines. The fuel efficiency of a turboprop 
engine, given a suitable high-speed pro
peller, should be about 20 percent high
er than the efficiency of a high-bypass 
turbofan engine with a "gas generator" 
(the combination of compressor, com
bustion chamber and power turbine) of 
the same size as the one that would be 
needed for the turboprop engine . The 
propeller of the turboprop engine would 
be about twice the d iameter of the fan in 
the turbofan engine. 

After more than a century of applica
tion in hydronautics and aeronautics the 
screw propeller is very much alive and 
turning; I expect it will survive for as 
long as man uses water and air for trans
portation. 

TRANSONIC "PROPFAN" is one of several designs being studied by United Technologies 
Corporation and the National Aeronautics and Space Administration for potential service in 
turboprop aircraft capable of matching the speeds of turbofan airliners. If the new craft are 
successful, they should consume about 20 percent less fuel than present types do. The propfan 
is termed transonic because the speed of the blade tips will exceed the speed of sound by about 
13 percent. The aircraft will fly at 80 percent of the speed of sound (about 530 m.p.h, at 35,000 
feet). For operation in the transonic regime an 'aircraft propeller must approach the high solidi
ty of marine propellers. The solidity of this propeller is 70 percent. Broad blades supply high 
lift-to-drag ratios needed for transonic operation. The curved blade planforms are chosen to 
reduce "near field" (cabin interior) noise caused by focusing of the rotating pressure field. 
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You've Just Come Face to Face 
With The Real World. 

This is Eduardo. He lives and fund-raising costs are for a child to share his world 
his mother; two sisters and among the lowest of any non- with you. 

his grandparents in Central profit agency. A full audit, as When you give $15 a month 
Their home is a tile- reported by Peat, Marwick, for a child, you're sending 

roofed hut with a dirt floor; no Mitchell & Co., is included in much more than money. You're 
sanitation and no running our annual report and mailed sending love. Please mail in 

ter. Eduardo suffers from to sponsors and contributors the today. There's a 
malnutrition and needs medi- each fall .  child waiting 
cal attention, but his family Please reach out for you. 
can't afford a doctor. and help the child 

His world is one of poverty who needs you. 
and hunger. But you can help You needn't send 
change that for a child like any money right 
Eduardo by becoming a away. Just mail 
sponsor. in the coupon. 

Through Christian Chil- Christian Chil-
dren's Fund, you can reach dren's Fund will 
out and help give a child what send you a 
he needs to live a healthier; child's photo-
happier life. graph and fam-

When you become a spon- ily background 
sor; you're helping to give information. We'll 
some of the basic things a tell you how the 
child needs just to get through child will be helped 
a day- nourishing meals, and explain how 
clothing, proper medical atten you can write and 
. a chance to go to school, receive letters in re-

or whatever is needed most. tum. It's a spe-
50¢ a day goes a long cial way 

toward helping alleviate 
of the most serious prob SendUour Lo-Ift Around The World lems a child has to face in his _ .J' _ _  �y� _ _ _ _  ._ _ _ • 
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sor receives assistance, and is 0 I cannot sponsor a child nOOI but \OOuld like to contribute $ . 

pooled with funds from spon- I Name I 
sors helping other children in I Address I that pr<?gram. There, th� City State Zip --=-:--__ 

money IS used for the chIldren I Member of American Council of Voluntary Agencies for Foreign Service. Inc Gifts are tax I 
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THE AMATEUR 
SCIENTIST 

In judo and aikido application of the physics 

of forces makes the weak equal to the strong 

by J earl Walker 

judo and aikido are martial arts that 
demand an intuitive understanding 
of the physics of forces, torques, 
stability and rotational motion. 

This month I shall examine a few of the 
basic throws of these two forms of com
bat. Although I cannot convey fully the 
grace each throw requires, I can break it 
up into components that can be exam
ined in terms of classical physics. The 
experiments I shall describe call for ac
tual performance of the throws, but you 
should do them only under expert super
vision. Both types of combat can be dan
gerous to you and your opponent. 

In judo the main goal is to overcome 
your opponent's stability. The skill lies 
in the anticipation of his movements 
and the timing of your responses. The 
idea is to avoid forcing your opponent 
into a firm resistance to your throw that 
would pit your strength against his. A 
small but skilled judo player has a dis
tinct advantage over a larger but un
skilled opponent if a contest of strength 
is avoided. 

Probably the best example of this ad
vantage is the basic hip throw, which is 
most effective against a taller and slower 
opponent. In the normal judo competi
tion you face your opponent with your 
hands grasping the' lapels or shoulders 
of his uniform. To execute the throw 
you step forward with your right foot 
to a point between his feet, pulling him 
downward and toward your right. The 
throw works well if you have caught 
your opponent just as he has stepped 
forward with his right foot. He is still 
stable against a pull directly toward you, 
but he is considerably less stable against 
a pull to your right because of the posi
tion of his feet. 

During your step forward you curve 
your body forward so that your head is 
at your opponent's shoulder level. Next 
you rapidly turn your left hip backward 
while pulling him onto your right hip. 
This should be the first body contact 
during the movement. If you continue 
the pull with your hands and the rear
ward turn with your left hip until you 
are facing in the same direction as your 
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opponent, he will be rotated over your 
right hip and onto the mat. 

Since you do not want to hurt your 
opponent in the sport, you maintain 
your grip on his uniform during the fall 
so that he lands on his left side and can 
slap the mat with his left arm during 
impact. The slap spreads the impact 
force over a larger area so that the stress 
on his ribs is not enough to hurt him. 
Part of the early training in judo in
volves timing the slap on the mat to co
incide with the impact. The only time 
I have been hurt in the sport is when I 
failed to slap properly. 

Timing and smooth execution are es
sential to the hip throw, but an under
standing of the physics, particularly of 
the torques and the center of mass, is 
also necessary. Your opponent's center 
of mass is the geometric center of his 
mass distribution. It can be regarded as 
the point where the gravitational force 
acts on the body as a whole, which is 
why it is sometimes called the center of 
gravity. Your opponent is stable as long 
as his center of mass remains over the 
support area outlined by his feet. When 
he stands upright in a normal posture, 
his center of mass is approximately be
tween his spine and his navel. Therefore 
he is stable until you force or trick him 
into moving his center of mass or into 
losing part of his support area. 

Suppose during a throw you manage 
to move your opponent's center of mass 
forward of his feet. Even if you then 
no longer aid the throw, the gravitation
al pull on his center of mass creates a 
torque that might make him fall. To cal
culate a torque one must multiply two 
items: the force acting to bring about a 
rotation and the lever arm between the 
pivot point and the force. The lever arm 
is the perpendicular line from the pivot 
point to a straight line through the force. 
If you have made your opponent unsta
ble, the force that can rotate him about 
his feet to the mat is the gravitational 
pull on him. I represent this force, which 
is merely his weight, by a vector point
ing straight down from his center of 
mass. Here the lever arm is the horizon-

tal distance between the pivot point at 
his feet and an extension of a vertical 
line running through the weight vector. 
The torque on an unstable opponent is 
the product of his weight and the lever 
arm. When your opponent is upright, 
the lever arm for his weight vector is 
zero and so the torque is zero too. When 
he is caught with his center of mass for
ward of his feet, the lever arm is no long
er zero and the resulting torque causes 
his rotation. The longer the lever arm 
(the more he is leaning), the greater the 
torque. One of the objectives of judo is 
to trick your opponent into an unstable 
position so quickly that recovery is im
possible. Once he is unstable you can 
continue the throw by applying another 
torque to him, one that will bring him to 
the mat long before he can even attempt 
to regain his stability. 

During the hip throw you initially pull 
on your opponent's uniform to make 
him unstable. If you pulled directly to
ward you, you could not easily cause 
this instability because' his center of 
mass would be moved over his forward 
foot. He could then maintain his bal
ance by bending that knee. To make him 
unstable you would have to move his 
center of mass a relatively great distance 
until it was beyond his forward foot, but 
the motion would require a strong and· 
prolonged pull, which he could counter 
quickly. 

. An easier way to make your opponent 
unstable is for you to pull to your right, 
because in that direction his center of 
mass must be displaced only a relatively 
short distance before it no longer lies 
over the support area. He will probably 
not be able to counter such a pull before 
the instability is established. Thereafter 
he will not be able to counter the contin
ued rotation involved in the hip throw. 

Your pull has an additional purpose. 
It curves your opponent's body so that 
his center of mass is brought forward to 
his navel or just outside his body. This 
new position will aid you in rotating his 
body over your right hip. Once body 
contact is made a new pivot point is es
tablished at your hip and your pull cre
ates a new torque on the opponent, one 
that will cause the rotation over your 
hip. As before the torque is calculated 
by multiplying the force on the oppo
nent by the lever arm between the line of 
that force and the pivot point. This time 
the force is your pull and the pivot point 
is your hip. Thus the hip throw gives rise 
to two torques on your opponent, one 
torque due to his own weight and unsta
ble position and one due directly to the 
pull you are exerting on him. The throw 
begins with the first torque so that you 
can set up the second one without resis
tance from him. 

Suppose you do not curve your oppo
nent's body forward and bring his center 
of mass out to his navel. Then when you 
attempt to rotate his body over your 
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The basic hip throw in judo 

right hip, a torque due to his weight will 
actually counter the torque from your 
pull on his uniform. Suppose he is still 
in an upright position when you make 
body contact and attempt to rotate him 
over your hip. The pivot point for the 
rotation is your hip; I shall apply it in 
determining the lever arms for both of 
the torq ues then acting on the opponent. . 

One of the torques is the product of 
your pull and the lever arm from your 
hip to the line through the vector of 
the pull. The other torque is the prod
uct of your opponent's weight and the 
lever arm from your hip to a vertical 
line passing through the opponent's cen
ter of mass. If your opponent is stand
ing upright, the torque from his weight 
opposes the torque you are applying, 
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The footwork in the hip throw 

since it attempts to rotate him in the op
posite direction over your hip. To fin
ish the throw you now must overcome 
the torque due to his weight, but the 
time required destroys your advantage 
in the surprise of the throw. Moreover, 
you must pit your strength against his. 

When the hip throw is properly exe
cuted, you bring your opponent's body 
forward in a curve, move his center of 
mass out to his navel and so decrease or 
eliminate the lever arm associated with 
his weight. The torque due to his weight 
is therefore diminished and you have 
a comparatively easy time rotating his 
body over your right hip. The throw 
works better on an opponent who is tall
er than you are because you can pull 
him downward into the proper curved 

Le.ver- arm 
of your pull 
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The forces in a hip throw 

posture more easily than you could an 
opponent who is your height or short
er. You can also more easily slide your 
right hip under a taller opponent. The 
lever arm of your pull on the uniform 
of a taller opponent will also be larger, 
thereby providing more torque to bring 
him over your hip. 

The "major outer reaping throw" (it 
is called osotogari in Japanese) is some
what easier to understand in terms of the 
rotational motions. As your opponent 
steps backward with his left foot you 
step with your left foot just to the out
side of his right foot and pull downward 
on his uniform to force his weight down
ward on that foot. Your pull will also 
be toward his right rear so that his body 
is curved backward. He is already in 

An improper hip throw 
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Lockheed knows how. 
The aircraft you see above-the SR-71 and the L-1011 
TriStar-are worlds apart in performance, yet each represents 
a significant aerodynamic advance. 

The SR-71 flies for the Strategic Air Command-higher, 
faster than any 
other aircraft. Look 
at the chines on the 
front of the SR-71 at 
the right. Without 
them, most of the 
"lift" would be in 
the rear-and the 
aircraft would dive 
as it flew. With the chines, lift also is spread across the 
fuselage, helping the SR-71 to cruise over 2000 mph. The 
SR-71 was the first operational aircraft to use chines. Now 
you find them on advanced fighters. 

The Ae rodynamic Fuel Saver. 
A unique aerodynamic advance on the L-1011 TriStar is help
ing airlines save fuel. Note those long wings. They've been 

lengthened nine feet since the L-1011 first flew. 
An exclusive system of computer-driven Active Control 

Ailerons made this possible without costly, time-consuming 
redesign. Automatically, they work in flight to reduce wing 
structural loads, decrease drag, produce a smoother 
ride-and save enormous amounts of fuel over the life of 
each L -1011. 

In the future, other jetliners will have Active Controls, long 
after they first appeared on the L-1011. 

The Aero dynamic Range Stretcher. 
The Navy told Lockheed that its newest fleet ballistic missile, 
Trident, must have twice the range of the earlier Poseidon. 
But Trident's overall physical dimensions could not be any 
larger than Poseidon's. 

This meant Lockheed had to 
give Trident a blunt nose. 
(Poseidon had employed a sharp, 
aerodynamically efficient nose.) 
This also meant more aero
dynamic drag-and drag works 
against range. 

The solution: fool Mother 
Nature. Lockheed engineers 
developed an ingenious tele
scoping spike that extends more 
than four feet 'and locks into 
place at a precise moment after 
Trident is launched. 

Instead of flying through the 
atmosphere with the blunt nose 
slamming into air, a small disc 
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at the front of the aerospike diverts airflow and creates the 
aerodynamic illusion that Trident is bullet-shaped. This 
spike, along with other advances, enabled Lockheed to meet 
the Navy's requirement of doubled range. 

The Airlifter Afterbody Champion. 
Airlifters are a special breed. To airdrop large equipment, 
they need wide rear doors that create a flat, two-dimensional 
surface. To provide fast, easy loading, their cargo decks must 

almost hug the ground-and this means airlifters need a 
highly upswept fuselage afterbody to let the tail clear the 
ground on takeoff, particularly short field takeoff. Both the 
flat rear surface and upswept afterbody create aerodynamic 
drag that you do not encounter in passenger jetliners. 

This caused the first great airlifter, Lockheed's C-1 30 
Hercules, to have 1 0% of its overall drag in the afterbody. 
Shrewd linking of structural, mechanical and aerodynamic 
efforts enabled Lockheed to reduce afterbody drag on the 
second great airlifter, the C-1 41 StarLifter, to 3%. In the third 
great airlifter, the huge c-s Galaxy, Lockheed engineers 
chiseled afterbody drag down to an incredible 1 %. 

The Aero dynamic Lift/Drag Champion. 
In aerodynamics, lift is good, drag is bad. The more lift and 
the less drag, the more efficient the aircraft. And that's where 
the U-2 reconnaissance aircraft stands out. Those long, 
slender wings give it the highest lift-to-drag ratio of any 
operational powered aircraft in the world. But there's even 
more to the U-2's stellar record. The wings are so successful, 
in part, because they are extremely light in weight. Manu
facturing those feathery wings was as great a triumph as 
designing them. 

The U-2 story is far from over. An advanced version, the 
TR-1 recently entered production at Lockheed. 

What's next? Lockheed's past and present record says new 
advances are coming, in many forms of flight. 

Lockheed © 1980 SCIENTIFIC AMERICAN, INC



What if you chose HP products to 

For example: The HP 45C computer system 
can color your thinking (and vice-versa) 
4913 ways. 

Color clarifies. Graphics, generated by 
the new HP 9800 System 45C can 
clarify your data with up to 4913 
shades of color. 

Designed for engineers and scientists 
who have complex design and analyt
ical problems to solve, the System 45C 
is a completely integrated, powerful 
workstation with built-in color 
graphics, CRT display, light pen, 
operating system, readlwrite mem
ory, enhanced BASIC language, 
keyboard, mass storage system, and a 
high-speed thermal printer. 

But a mere list of attributes, impres-

sive as they are, misses the real point: 
the System 45C can solve complex 
graphics/computational problems, 
provide three-dimensional represen
tations in solid or wire frame form, 
and display results in vivid colors 
selected to enhance interpretation. 

Central to this spectrum of capability 
is the System 45C's high-resolution 
CRT screen. Measuring 13 inches (330 
mm) diagonally, it can display al
phanumerics and vectors in eight col
ors; 4913 color shades are available for 
area fill. Colors remain crisp and clear . 
over its entire area. Geometric figures 

such as circles, rectangles, and regular 
polygons can be drawn on the screen 
through simple graphic commands. 
Another such command quickly adds 
color fill, selected from standard color 
models, to any drawn figure. The sys
tem's firmware relieves the user from 
having to write application routines 
to utilize the graphic capability. 

The standard system, including all in
ternal peripherals, the powerful 
operating system, and 187 kilobytes 
'of user-addressable memory, costs 
.$39,500*. A minimum configuration 
system is available for $31,500* . 
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enhance your productivity? 

For example: a new approach to making continuous, reliable 
measurements of a patient's respired CO2, noninvasively. 

Ordinarily, the amount of CO2 in the 
blood is regulated automatically by 
the brain's respiratory center, which 
controls the rate and depth of respira
tion. But when a patient is anes
thetized, or when disease prevents 
normal breathing, CO2 can get seri
ously out of balance. And it is at just 
such critical times that the physician 
most needs to know the patient's CO2 
status, in order to control ventilation 
effectively. 

CO2 is often measured directly from 
arterial blood samples, in spite of the 
fact that significant time may pass be
tween drawing the sample and 
analyzing it in the laboratory. In such 
a case, the physician must rely on in
formation that may no longer reflect 
the state of the patient. 

Nevertheless, the analysis of samples 
from an. arterial tap is the favored 
method, simply because monitoring 
by other means has been cumber
some and unreliable. 

Now, with the introduction of the HP 
47210 CO2 monitor (or capnometer), 
the physician can get stable, repeat
able, continuous CO2 measurements 
noninvasively. Microprocessor aug
mented, and using technology 
which departs radically from that of 
other CO2 monitors, the HP cap
nometer makes direct measurements 
of inspired and expired CO2 by 
on-line monitoring on a breath
by-breath basis. 

The measurement is made optically 
by a small sensor secured to an air
way adapter at the patient's mouth. 

A beam of infrared light from the 
sensor is transmitted through the 
adapter, and the absorption of this 
light by the breathing gases gives an 
accurate, continuous measure of the 
patient's CO2, 

The advantages of the HP cap
nometer are impressive: 
• Simplicity of operation makes it 
possible to concentrate on the 
patient rather than the monitor. 

• Built-in gas cells make it easy 
to check and recalibrate the 
instrument. 

• The capnometer monitors itself 
continuously, and calls attention to 
itself if a malfunction occurs. 

• It also monitors the ventilator or 

anesthesia machine, and alerts the 
staff in case of apnea or breathing 
system disconnections. 

An innovative option makes possible 
the noninvasive cutaneous monitor
ing of CO2 diffUSing through a small 
area of the patient's skin. Its 
availability is subject to FDA ap
proval, which is pending. 

Price of the HP 47210 is $5800* . 

For more information, mail the 
coupon to Hewlett-Packard, 1502 
Page Mill Road, Palo Alto, CA 
94304. Or call the HP regional 
office nearest you: East (201) 265-
5000, West (213) 970-7500, Mid
west (312) 255-9800, South (404) 
955-1500, Canada (416) 678-9430. 

These are only two of many thousand product reasons for choosing HP. 

HEWLETT 
PACKARD 

Mail to: Hewlett·Packal'd, 1502 Page Mill Road, Palo Alto, CA 94304 

Please send me ftu1 her information on 

) HP 9800 System 45C computer 
( ) HP 47210 capnometer 

l\.:tIllC ______________ _ 

Company ______________ _ 

I\ddre:.s ______________ _ 

City _______ State __ Zip ___ _ 

*Domeslic u.s, pl'ic('s only. 00044 
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The "major outer reapillg throw" 

an unstable position because your pull 
moves his center of mass to his right rear 
and away from the support area of his 
feet. He cannot escape by sliding his feet 
to the rear and regaining his balance be
cause you have forced him downward. 
His instability results from the torque 
his weight creates around a pivot point 
at his feet, primarily his right foot. The 
lever arm runs between the pivot point 
and a line through his weight vector. 
Placing him in this position sets him up 
for the next part of the throw, in which 
you further remove his support area and 
apply a second torque to bring him rap
idly to the mat. 

You continue the throw by stepping 
with your right foot around and behind 
your opponent's right foot. Then you 
sweep your right hip and leg to your rear 
while you force his right side downward 

All allkle sweep 
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The forces ill the throw 

and to his rear, leaving him with virtu
ally no support base. The two torques 
cause him to rotate about a pivot point 
on your right leg. Even if you did not 
continue to pull on him after sweep
ing his leg, he would rotate about your 
leg because his center of mass is be
ing pulled down by gravity. Your down
ward pull provides another torque to 
hasten his fall. In this throw the two 
torques complement each other. 

The "sweeping ankle throw" (okuria
shi barz) removes your opponent's leg 
support in a similar manner. As he is 
about to place his weight on his right 
foot in the course of a step forward or 
backward you sweep your left foot into 
that leg just above the ankle. Simulta
neously you pull his uniform in his origi
nal direction of travel. Suppose he was 
moving forward. You pull forward (and 

so meet no resistance from him) as YOll 
sweep his right foot into his left one. 
Even if he manages to keep his left foot 
on the mat, his support area is great
ly reduced and is swept from under 
his center of mass. His weight vector 
through the center of mass provides a 
torque that will take him to the mat. If 
you lower your body while maintaining 
your pull on his uniform, you will pro
vide another torque that will rotate him 
to the floor. The pivot point is his left 
foot, and again the two torques comple
ment each other. 

Advanced judo classes teach methods 
of disabling an opponent on the mat. 
Most of these "hold downs" entail trap
ping your opponent on the mat with 
your weight positioned in such a way 
that he cannot roll over or rise even if he 
is stronger than you are. For example, in 
the "cross armlock" (udehishigi-jujiga
tame) you are positioned with part of 
your weight on the upper torso of your 
opponent on the mat. He not only is pre
vented from rising but also probably 
will not even move for fear of having his 
arm broken. 

The maneuver originates when you 
are astride your opponent, who is on 
his back. When he raises his left arm to 
ward you off, you grasp his wrist with 
both of your hands, fall to his left side, 
throw your right leg across his neck and 
with your left knee raised drive your left 
ankle into his side. His left arm is pinned 
between your legs with the elbow down
ward. Even a gentle downward push on 
his wrist creates a tremendous torque on 
his arm around the pivot point where 
that arm crosses your right leg. He can
not sit up because your weight creates 
an overwhelming torque on him as he 
attempts to rotate his trunk about a piv
ot point at his hips. He also cannot free 
his left arm even if he is considerably 
stronger than you are. He could try to 
counter your torque on his arm by us
ing his shoulder muscles, but they would 

How to execute a cross arm lock 
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pull on his arm at approximately the lo
cation of the pivot point and so their 
pull would have a short lever. As in most 
judo techniques, a person trained in cre
ating the correct torques on an opponent 
has a tremendous advantage even if the 
opponent is much stronger. 

Aikido is a relatively modern form of 
martial art that incorporates techniques 
from many of the other martial arts. It is 
distinguished by its firm code of avoid
ing injury to the opponent. Hence it is a 
form of self-defense rather than a sport. 
It involves no techniques that can be re
garded as attacks. I think it is the most 
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difficult of all the martial arts to learn. 
Its demands for skill, grace and timing 
rival those of classical ballet. 

Aikido employs many of the same 
principles of physics that are found in 
judo. Suppose your opponent grasps 
your wrists from behind. In one of the 
aikido maneuvers you smoothly lower 
your body while bringing your wrists 
upward and over your head toward the 
front. Your opponent hangs on to your 
wrists but is brought forward by your 
descent and slight lean forward. His po
sition is therefore unstable because his 
center of mass is now slightly forward 

of his feet. You rapidly draw your right 
leg backward and drop onto your right 
knee. Your arms and torso are brought 
forward and downward in a large arc. 
Because the first part of the motion in
duced your opponent to hold tightly to 
your wrists, he is now thrown over your 
body in a front somersault. 

As in much of aikido, your opponent 
actually throws himself. He cannot pre
vent your forward motion because of 
the unstable posture in which you ini
tially place him. Even if he has superior 
body weight, he cannot stop the motion 
by pulling downward on your raised 

The aikido IIIo.'emellt for escapillg a hold 011 the wrists frolll behilld 

A defellse agaillst a halld slash 

The defellse agaillst a hold 011 the arms from behilld 
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wris,ts, In such a posItIon he can pull 
only along the length of your arms, The 
torque due to such a pull is zero because 
there is no lever, Remember, the lever is 
the perpendicular from the pivot point 
(in this case your shoulder) to the line 
through the force, The line through your 
opponent's pull passes through your 
shoulder and therefore has no lever arm, 
Even if he is heavy or strong, he cannot 
rotate your arms once you have them 
properly over your head, 

Many of the techniques of aikido em
ploy the deflection of a force directed 
at you, Suppose your attacker throws a 
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TI 59 . . 209.95 Business Analyst II  . . 39.95 
TI·5S/59 libraries .21.95 Business Card NEW . . 39.95 
1I·3OSP , 17,95 Language Translator NEW. , , 149,95 
PC·l00C 169,95 Digital Thermostal NEW " "  114,95 
11·1750 19,95 Speak & Spell, 54,95 
TI5015 64.95 Modules. .ea. 14.95 
11 5040 ' 94,95 Ch,.no AI"m 806·31 39,95 

World Time Alarm·Chrono 807·3. 89.95 

Fli;W HEWLETT INTRODUCING 
a:� PACKARD THE HP 85' HP,67 , . $299,95 

-
• 

Hp·92 . , , , , , 399,95 
HP·97 , '" 514,95 
HP·33C NEW . 109.95 
HP,34C NEW , . 

Hp·38C NEW 
Hp·31E . 

HP·31E , 

HP·33E 

HP·37E , 

HP·38E , 
HP-41C NEW , 
Hp·85 ' NEW , 

.'41,95 
. 54,95 
,73.95 The, HP·85 is a powerful 
, 59

.
95 ��.; I fe�:ne.��Re ��;'tfo���r 

94,95 CR'JP display, printer, and 
, CALL tape drive· all in one com· 

3250,00 pact unit. 

TI Home Computer 99/4 
Console Only , " " , , " '" , " , , " '" 699,95 

400,,,,,,,, ,449,95 
800, ' , , , , , , , 799 .. 95 

HPF IMAGINATION MACHINE" 595,00 

_"JI)Ia' compubzr 16K MEMORY, , ,999.95 
APPLE III NEW " ,CALL _ 6200 NEW EXECUTIVE " , . , ' , ' " 99 .95 

SHARP 5813 NEWIPROGRAMMABLE , , , , , . . 34.95 
5100 NEW LCD Alphanumeric ,, " ' "  89.95 

BSYSTEmX'101+Ht COMMAND, , . ,39.95 
Each Module " " ,14.95 

1ST ARTER SYSTEM) 

J JtJ 
CASIO• ML·81" " 49.95 

FX·68 , , , ' ,27.95 

CHESS "7" 8995 CHALLENGE.. ' , , , . ' . 

ALSO: Canon, Se ika , Craig, Sanyo, Mattei, 
Pearlcorder, Record-a-Call, Code-a-Phone, and 
many others, All at GREAT PRICES! 

WE Will PEAT OR MEET ANY COMPETITOR'S PRICE ON MOST ITEMS IF HE HAS MERCHANDISE ON HAND. All 
untts shipped In Of/gmal factory cartons WIth accessofles accordmg to manufacturer's speedlcatlon. CALL TOll FREE 
(800) 854-0523 (aulslde CAlor (714) 549·7373 (Within CAl. V.sa and MasterCharge. money order. Pets. Ck. (14 Working 
Days to Clear). COD accepted MIN $4.95 for shiPPing In USA We ship AIR on request CA reSidents add6% sales lax All 
merchandise Subject to availability Prtces good only With thiS ,ad for limited time only Send orders to Depi SA-JUL 

WRITE OR CALL FOR FREE CATALOG 

� computique 
321' SOUTH HARBOR BOULEVARD, SANTA ANA, CA 92704. 6 St .... in C.I�.rn;. 

CALL TOLL FREE (800)854·0523 (outside CAl. (714) 549·7373 (within CAl, 
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It's Speed Learning! 
Have you ever wished you could read and 
learn faster? Do you have too much to read 
and too little time? 

Speed Learning can teach you to read and 
learn better. The average person becomes 
108% more efficient. The ability to read
comprehend-remember and use twice as 
much knowledge and information is very 
important to you. 

Speed Learning has been approved with 
highest honors and used by schools, colleges, 
universities, corporations and branches of the 
U.S. Government. 

A 'teacher-on-cassettes' and excitingly dif
ferent study books will teach you a completely 
new way to read and think. YOU'll learn, 
step-by-proven-step, how to increase your 
reading skills and speed so that you under
stand more, remember more and use more of 
everything you read. 

Whether you're 17 or 70, you'll find Speed 
Learning exciting because it's easy to learn, 
logical, practical and the benefits last a life
time. Within two weeks you'll be truly 
impressed with how much you've learned and 
how differently you r"ad. 

OPTIONAL EXTRA: Earn 3 college 
credits with Speed Learning. Complete 
details and registration form 
included with the 

learn 113 Gaither O"ve 

31SAV 

INCORPORATED Mt. Laurel, N.J. 08054 
DYES' Ship one Speed Learning program 

at $89.95 plus $3.00 for handling and in
sured delivery. 
I understand that. if after 10 days FREE 
examination I am not delighted in every 
way, I may return the materials and all 
money will be refunded or credit card 
charges cancelled. 

DCheck or Money Order Enclosed 
DCharge my Credit Card: 
D Bank DMaster DDiners DAmerican 

Americard Charge Club Express 
Interbank 11 _____ _ 

Card 11 _______ Exp. ____ _ 

Name ______________ __ 

Address -- -------___ __ 

City ______ State ___ Zip __ _ 

Signature - ---- --____ _ 

N J reSIdents add 5% $ales ral< • SubJecl 10 cred,' approval 

Ta)( deducllble under most Circumstances 

L. __________ ...I 
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punch at your face. To stop the punch 
directly requires a large impact force, 
probably higher than 3,000 newtons. 
With such forces bones are likely to be 
broken. A wiser technique is to deflect 
the strike. Although a large force is nec
essary to stop the punch directly, only a 
small force is needed to deflect it. A 
force of 10 newtons may be enough to 
deflect a punch by a centimeter. 

Although most followers of Western 
styles of fighting consider an attack to 
be an advantage, in aikido the attacker 
is at a distinct disadvantage because of 
the momentum of his strike. You can use 
his momentum to throw him to the 
mat. Suppose your attacker steps for
ward with his right foot and slashes at 
your face with the side of his right hand 
(a typical attack both in Western styles 
of fighting and in karate). You slide 
your left foot to the rear as you parry 
his slash with your left arm. The parry is 
meant to deflect the slash, not to stop it 
or even to slow it, since either effect 
would require strength from you. Dur
ing the parry you guide your attacker's 
right arm downward into the grasp of 
your right hand. While still not fighting 
the forward momentum of his slash you 
pull him around in the circular motion 
you have begun with the withdrawal of 
your left foot. He was relatively stable 
against a pull directly forward because 
of his extended right foot, but he is high
ly unstable against a pull forward and 
to his left. In such a direction his center 

of mass does not have to be moved far 
before he becomes unstable against a 
fall. Therefore as you continue to circle 
you pull him in that direction. He now 
has two serious disadvantages. First, he 
is committed to a forward motion that 
would take a considerable force to stop, 
even from himself. Second, your pull 
and his motion are removing his center 
of mass from his base of support. 

To complete the throw rotate your at
tacker's right arm downward while step
ping to your left rear. Turn his wrist up
side down and bend his hand around it. 
At this point it is impossible for him to 
prevent the throw. He is now off balance 
and completely unable to stop his own 
motion. He also cannot pull out of your 
grip because you have bent his arm at 
the wrist. Although his arms may be 
strong, he cannot prevent the torque you 
create when you push his hand around 
his own wrist. You bring him to the mat. 

How would such a strike to the head 
be handled in karate? In the Korean ka
rate style of tae-kwon-do I was taught 
to parry a slash with a powerful strike 
across the opponent's arm. Deflection 
was important but so was countering 
the slash with a large force. Force was 
working against force, and usually the 
stronger person won. (I was rarely that 
person.) 

Circular motion is employed in aikido 
both for deflection and to aid in throw
ing an opponent off balance. Suppose 
someone approaches you from behind, 
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How to contend with an attacker who lunges at you with a stick 

reaches around your body and pins your 
arms to your sides. You should reach. 
upward and hold his hands tightly to 
your chest while sliding your foot for
ward. The timing is critical because you 
want to move your torso forward at a 
rate matching the speed of your oppo
nent. If you delay, you will lose the ad
vantage of exploiting his momentum. 
If you move too fast, you will have to 
drag him forward. You must slide your 
right foot forward at the correct speed 
and then suddenly lean forward and ro
tate your body to your right. 

The combination of your opponent's 
initial momentum and your rapid rota
tion throws him off to the right. He can
not prevent your throw because your 
lean forward brings his center of mass 
forward of his feet. He cannot release 
himself from the forward motion be
cause of his established momentum, be
cause you have pinned his hands and 
because of his grip around your arms. 
The centrifugal force on him during 
your rapid rotation is too large for him 
to deal with in his unstable position. 
Hence he essentially throws himself to 
the floor. 

Two more examples of how aikido 
employs a small force to bring an at
tacker off balance entail stick fighting as 
it is taught in advanced classes. Suppose 
an attacker thrusts a long stick at your 
midsection, advancing with his left leg 
during the lunge and thrusting the stick 
horizontally, holding it with the palms 

What to do when your opponent tries to seize your stick 

of both hands down. It would be futile to 
try to stop the end of the stick. You rap
idly step forward with your right foot so 
that the stick passes you on your left. 
(The agility to do this comes only with 
long practice.) As the stick passes you 
turn your body to face it so that you can 
grab it with both hands. Your left hand 
is forward of your attacker's outermost 
hand. Your right hand is between his 
hands. 

In grabbing the stick your objective is 
not to stop its motion, which would re
quire considerable force. Rather it is 
to deflect the lunge upward, around to 
your left in a circular motion and then 
up and over your attacker's head. Once 
he has committed himself to the for
ward lunge he can do little to prevent the 
deflection. He would need a large force 
to stop his momentum, and he cannot 
thrust horizontally to your midsection 
while pulling downward to prevent your 
deflection. 

Once you have the stick over your at
tacker's head he is easily thrown. With 
his left foot forward he is highly unsta
ble against a pull to his left rear because 
in that direction his center of mass must 
move only a short distance before it is 
no longer over his support area. When 
you have the stick over his head, you 
pull it downward over his back in that 
direction. He falls to the mat on his back 
and probably releases the stick. 

Suppose you have a stick and a deter
mined attacker rushes forward to grab 

its forward end. Allow him to grasp it 
but lead him with it (as if it were a carrot 
in front of a donkey) so that he contin
ues his rush. Also lower your end to 
trick him into bending downward. Once 
he has committed himself to this awk
ward motion and is about to pass to your 
right you bring your end of the stick 
upward over his face and then down
ward over his back. If this motion is exe
cuted rapidly, he still has a strong grip 
on the stick and therefore is bent back
ward by your pull downward over his 
back and by the continued forward 
motion of his torso. The torque due to 
his own weight rotates him to the floor 
around the pivot point of his feet. His 
grip on the stick also provides a torque 
that rotates him. He actually throws 
himself to the ma't because of his ini
tial forward rush and a bit of trickery 
on your part. 

Aikido has hundreds of techniques 
for employing such trickery against a 
determined opponent. In nearly all of 
them a small deflection force parries an 
opponent's thrust and then guides it so 
that he throws himself down. When I 
watch an aikido master defend himself, 
the motion seems so fluid and effort
less that I am inclined to suspect the 
opponent of faking when he falls to 
the floor. The fall is not faked. It looks 
that way because the master has spent 
years developing an intuitive feeling for 
the basic physics of forces, rotation and 
torques. 

16 1 
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MOTOROLA HELPS GET ENERGY FROM 

I n northern Cal ifornia , the natu
ral heat of the earth is being 
harnessed to serve the energy 
needs of man. Natural steam, 
heated 
by the � 
molten � 
rock 0) 

below .{ Q . 
the earth's :c 

' 

crust, is i

'" 

being . 
tapped, 
extracted 
and piped 

effort by Union Oil Company of 
California to make geothermal 
energy a practical alternative to 
expensive imported oil. 

The Geysers may be an 
unortho
dox power 

source, 
but it has 

one thing 
in common 

with 
every 
other 

branch 
to power some 
of the electrical 
generators that help 

0] AREAS OF GWTl1ERML POTENTIAL 
of the 

• GEOTHERMAL DEVELOPME NTS energy 

light up San Francisco, 90 miles 
to the south. 

The place is called 
The Geysers, and it's part of a 

pioneering 

industries: the 
need to maintain good, reliable 
communications, no matter 
how remote or primitive the site. 

At The Geysers, as in 
many places around the world, 
the solution to that problem is 

Motorola communications. 
ELECTRONIC 

PROBLEM-SOLVING. 
One problem at The Geysers, 
for instance, was the rolling ter
rain and steep, narrow canyons, 
among which conventional 
high-frequency radio signals 
could get diffused and lost. 
Motorola solved that one with 
ingenious simplicity: a low-band 
two-vvay radio system that, as 
one engineer put it, "gets into 
the nooks and crannies." 

ELECTRONICS 
EVERYWHERE. 

But this is merely the tip of 
the iceberg of Motorola's 
experience in energy-industry 
communications. 

One of America's largest 
oil refineries has 35 Motorola 
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THE E ARTH,THE SEA AND THE SUN. 

systems and subsystems, 
among which are pagers that 
tell a man he's wanted on the 
phone; closed-circuit video 
monitoring systems; and alarm 
and control systems that not 
only tell when something is 
going wrong, but also when 
everything is working right. 

In the North Sea, a 
Motorola microwave system will 
provide a data and voice-com
munication link that will help 
one person control six un
manned oil-production plat
forms. He'll be able to check 
pressures and flow rates, regu
late meters, pumps and motors, 
all by touching a few buttons. 

Some of the Motorola 
equipment on the Alaska Pipe
line is so sophisticated that a 
hard-hat worker in the field can 
talk directly to an executive in 
an office a thousand miles away. 

In Canada, specially 
designed 

Motorola equipment is in use at 
an oil mine, an extraordinary 
strip-mining process for extract
ing petroleum from tar sands. 

Motorola has made the 
apparently impossible happen 
by taking radio communication 
underground into deep-shaft 
coal mines. 

And in solar energy, 
Motorola has gone beyond com
munications to actual energy 
development. Our engineers 
are producing photovoltaic 
systems that convert sunlight 
into electricity. 

ELECTRONICS 
AND PEOPLE. 

as suppliers but as participants. 
Microelectronics is at 

the heart of the 
matter, as it is 
in many of the 
things we do 
today. But if 
there are simi- A microcomputer, 

larities am. ong drawn larger 
than life. 

communIca-
tions devices, there are none at 
all among the communications 
systems that the energy indus
tries need in all their activities. 

In designing these sys
tems, Motorola brings to bear a 
combination of expertise and 
enthusiasm that helps us keep 
expanding the limits of what's 
possible in electronics. Motorola's preeminence in 

energy-industry communica
tions is as much a matter of 
people as of technology. We 
made an early and total 
commitment to solving en
ergy-industry communica
tions problems, not merely 

® M OTOROLA 

Making electronics history. 
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