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Instant photography 
From under 

Name your price and pick 
your Polaroid camera. They all 
have different features, yet all 
have one thing in common. 
Each gives you the excitement 
of seeing beautiful pictures 
right after you take them. 

Polaroid's Electric Zip, the 
teenager's favorite, for color 
pictures in a minute or black­
and-white in seconds. "If 
you want it, 
Zip!

. 
you've $2395* 

got It!" Just 
The Super Shooter takes 

pictures in 2 sizes and uses 5 
different kinds of instant film, 
from the least expensive to our 
beautiful Super Color. Electric 
eye and electronic shutter give 
you automatic exposures (for 
all 5 films). Sharp 3-element 
focusing lens and built-in flash­
cube holder 
with automa-

tic advance. Wait only 
60 seconds. $28' 
Pay only 

SX-70 photography starts 
with the $66 Pronto!, our easiest 
instant camera ever. Little and 
light, you just set the distance 
and shoot. Pronto! hands you 
the picture already developing. 
In minutes, you have a big 
3-VB" x 3-VB" finished color 
print. Takes the new Superclear 
SX-70 film (with a fresh battery 
in every to-shot pack). Takes 
to-shot FlashBar. 
Automatic exposure 
control. $ 66' 

Pronto! RF has all the ad­
vanced Pronto! features and 
adds a built-in rangefinder for 
more accurate focusing. Also 
takes all Pronto! accessories, 
such as self-timer and tripod 
mount so you 
can g�t into your $7995* 
own pIctures. 

Choose one of the history­
making SX-70 Land cameras, 
that focuses from to.4" to 
infinity and folds into a slim, 
elegant shape to slip into 

pocket or purse. All 
three use the new Super­
clear SX-70 film with 
Colorlock dyes that resist 

fading; 
SX-70 
pictures 
last. 

With 
the SX-70 
Model 3, 
in black 
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for everyone. 
$24. From Polaroid. 
plastic and deep tan Porvair, SX-70 Alpha 1, Polaroid's finest 
you get all the deluxe SX-70 camera, made even better. Out-
features except through-the- doors, an electronic shutter sets 
lens viewing and the new Alpha exposures automatically. In-
electronics. Same electronic doors, a special monitored flash 
shutter system, same SX-70 makes final split-
motor drive, second exposure 
same amazing $132* corrections. (The 
SX-70 lens. SX-70 Alpha lin-

Forthrough-the-Iens viewing, geniously prevents 
give the SX-70 Model 2, in wasting a 
brown Porvair picture or 
and �ff-white $16, = * a flash.) 
plastIc. ..I 'J Alpha 1 can 

Or give the brand new .��JV focused r' 

3 different ways: through 
the single lens reflex viewfinder, 
or with the split-image range­
finder; or by setting the dis­
tance. In genuine leather and a 

velvety chrome finish, with 
leather neck strap and 
built-in tripod mount. 
Give Polaroid's most 

revolutionary 
camera ever. 
The new 
SX-70 
Alpha 1. 

� $210* 

·Suggested list price 
© 1976 Polaroid Corporation 

"Polaroid;' "SX·70;' "Zip" and "Super Shooter"* Pronto!'" 
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The U.S. lacks an industry for removing fission products and plutonium from spent reactor fuels. 
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102 HOW VIRUSES INSERT THEIR DNA INTO THE DNA OF THE HOST CELL, by 

Allan M. Campbell Some viruses can exist peaceably within their host for long periods. 
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Math-Tool Book 
Now Available in English 

Over 2 million copies sold 
Here is the outstanding TOOL­
BOOK of tables, graphs, meth­
ods and formulas to use as an 
everyday guide for working sci­
entists and engineers as well 
as for students. A book you have 
always wanted. 783 pages; 955 
figures; flexible plastic covers; 
list price $11.00. Available thru 
your bookstore, or order direct, 
postage-free by sending check 
or money order for $11.00 to: 

Harri Deutsch, Publishers 
P.O. BoxQ 

Braintree, Mass. 02184 
Mass. Residents Add 5% 

read less 
knolmore 

keep up with all new advances In 
technology with only 30 minutes a week 

200 patI9Iap/l1ize digests Qui..$can -'tiler formal 

01 YItal IItIcIel from 350 !til JOU pick out )us! 'IfIaI 

publications WOIIcI-wIde..... JOU need to know ..... fIII. 

SPECIAL 
1/2 PRICE OFFER 

$12 for 12 weeks 
: =- - = : :: - - = --- - - - - -- - - ---- - - - - - - - - . -

---- - - . _ -_. -- - - ... - --- -- - - ... . - --- -
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$11,.,--.. " 
IwRrTEORCAll: spEciAl bFFERDEPT.1ill 
I TECHNICAL SURVEY. 11001 CEDAR AVE. 

ClEVELAND.OH 44106. (216) 795-3000 , I Name , 

I��� I I Address 
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THE COVER 

The picture on the cover is a brightness contour map of a supernova discov­
ered in June, 1975, in a galaxy in the constellation Ursa Major (see "Super­
novas in Other Galaxies," by Robert P. Kirshner, page 88). The supernova, 
a catastrophic explosion of a star at the end of its life, is the round red area 
at the left; the main body of the galaxy is the elongated red area to the right. 
The map was constructed from a photographic plate of the

-
object made by 

Howard French at the Kitt Peak National Observatory in Arizona. The density 
of the plate was measured with a microdensitometer and was analyzed as 
though the plate were made up of tiny squares 20 micrometers on a side, with 
the density of each square being assigned a number. The numbers were then 
used to generate a display on a digital color television screen that is part of the 
Kitt Peak Interactive Picture Processing System. Each color corresponds to a 
density number; here red represents the brightest areas and blue the dimmest. It 
can be seen that the supernova was about as bright as the entire parent galaxy. 

THE ILLUSTRATIONS 

Cover photograph courtesy of Robert P. Kirshner, University of Michigan 

Page Source Page Source 

26-29 Lorelle M. Raboni 107 Jerome Kuhl (top); 

31 British Nuclear Fuels 
Elizabeth A. Raleigh, 
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(bottom right) 

40 Dan Todd (top), 108-111 Jerome Kuhl 
U.S. Energy Research 
and Development Ad- 112 Madeline C. Wu and 
ministration (bottom) Norman R. Davidson, 

43-48 Jerome Kuhl California Institute of 
Technology (top); 

54 Jet Propulsion Lab- Jerome Kuhl (bottom) 
oratory, California 113 Jerome Kuhl 
Institute of Tech-
nology 115 J. D. Macdougall, 

57-71 George V. Kelvin Scripps Institution 
of Oceanography 

73 SCIENTIFIC AMERICAN 
116-118 Allen Beechel 

74-86 Alan D. Iselin 
119 J. D. Macdougall, 

88 Charles T. Kowal, Scripps Institution 
California Institute of Oceanography 
of Technology 

120 Allen Beechel 
90-91 Tom Prentiss 

121 Devendra Lal, 
92-98 Allen Beechel Scripps Institution 

102 William C. Earnshaw 
of Oceanography 

and Philip A. Y oudarian, 122 J. D. Macdougall, 
Massachusetts Institute Scripps Institution 
of Technology of Oceanography 

104-106 Jerome Kuhl 124-133 Andrew Christie 
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Outstanding books. 
Significant savings. 

BOOK-OF-THE-MONTH CLUBe 

As your introduction to membership 
you are invited to choose 

ANv4 
FOR ONLY $1 

THE SUGGESTED TRIAL You simply agree 

to buy four Club choices within a year at substantial 

savings on most books you choose. 

price 
$12.95 

H
AVE YOU EVER experienced the great good 

fortune of finding the very book you're 
shopping for "on sale"? That's the kind 
of pleasure you'll enjoy again and again when 
you shop in America's Bookstoree- the 
Book-of-the-Month Club. You start by choosing 
four books you're eager to read - all for 
only $1. Then, as a member, you'll regularly be 
offered a choice of the best books published, 
almost always at substantial savings. If you 
continue your membership past the trial period, 
you'll be eligible for our unique Book-Dividende 
plan - a delightful way to save even more, 
at least 70% on bookstore prices. 

��� W�E
N
S
E�OOK 

BOOK by CRAIG 

CLAIBORNE. Illus. 
(Pub price $15) 
127 THE POETRY 
OF ROBERT FROST 
Edited by 
EDWARD CONNERY 

LATHEM. (Pub 
price $12.95) 
190 A SEA·CHANGE 

tPu�o�ri��u$l.95) 
497 NOT SO WILD 
A OREAM 

636 SINGIN· AND 
SWINGIN· AND 
GETTlN· MERRY 
LIKE CHRISTMAS 
by MA VA ANGELOU 

(Pub price $8.95) 
201 MEN. MONEY 
& MAGIC: The 
Story of Dorothy 
Schiff by JEFFREY 

POTTER. Photos 
(Pub price $9.95) 
623 MARRY ME 
by JOHN UPDIKE 

(Pub price $7.951 

176 Pub 
price $15 

324 WHAT REALLY 
HAPPENEO TO THE 
CLASS OF ·651 by 
MICHAEL MEDVED 
and DAVID 
WALLECHINSKY 

Photographs 
(Pub price $10} 
144 SPORTS IN 
AMERICA by 
JAMES A. MICHENER 

(Pub price $12.50) 

242 SLAPSTiCK or 
Lonesome No Morel 
by KURT VONNEGUT 

(Pub price $7.95) 
380 WORLD OF OUR 
FATHERS by 
IRVING HOW£ 

Photographs 
(Pub price $14.95) 
495 THE USES 
()F ENCHANTMENT 
The Meaning and 
Importance of 
Fairy Tales by 
BRUNO BETTELHEIM 

(Pub price $12.50) 

566 Pub 
price $t2.95 

204 CATCH A 
FALLING Spy by 
LEN DEIGHTON 

(Pub price $7.95) 
380 A CHARLES 
DICKENS CHRISTMAS 
A Christmas Carol. 
The Chimes and 
The Cricket on 
!fie Hearth (I VoL) 
With illustrations 
by WARREN CHAPPELL 

(Pub price $14.95) 
421 THE 
ROCKEFELLERS 
An American Dynasty 
by PETER COLLIER 

tind DAVID 
HOROWITZ, Photos 
(Pub price $15) 

397 Pub 
price $12.95 

8OOK-OF-THE-MONTH CLUB, INC., Camp Hut, Pennsylvmla 170lZ 
by ERIC SEVAREID 

(Pub price $12.50) 

Prices shown are publishers' U.S. 
prices. Outside the U.S., prices are 

generally somewhat higher. 

449 THE DEEP 
by PETER BENCH lEY 

(Pub price $7.95) 

334 Pub 
price $15 

174 DICTIONARY OF 
FOREIGN TERMS by 
c. O. SYLVESTER 
MAWSON. Revised by 
CHARLES BERLITZ 

(Pub price $9.95) 
200 THE FIRST 
THREE YEARS 
OF LIFE by 
BURTON L. WHITE 

Illustrated by 
MRS. KITTY RILEY 
Cl-AItK 

(Pub price $10) 
422 THE BODY IS 
THE HERO by 
RONALD J. 

GLASSER, M.D. 

(Pub price $8.95) 

504 Pub 
price $10 

635 EASY PLANTS 
FOR DIFFICULT 
PLACES in apartments. 
homes and offices 
by JACK KRAMER 

Illustrated 
(Pub price $8.95) 
267 LOVERS 
ANO TYRANTS 
by FRANCINE DU 
PLESSIX GRAY 

(Pub price $8.95) 
234 THE HOT­
BLOOOED OINOSAURS 
A Revolution 
in Paleontology by 
ADRIAN J. DESMOND 

Photographs 
(Pub price $12.95) 
207 THE HAMMOND 
WORLD ATLAS 
Superior Edition 
(Pub price $121 
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Acortridge 
in 0 peor tree. 

A gift of the Shure V-1S Type III stereo 
phono cartridge will earn you the 
eternal endearment of the 
discriminating audiophile who 
receives it. What makes the V-1S such a 
predictable Yuletime success, of 
course, is its ability to extract the real 
sound of pipers piping, drummers 
drumming, rings ringing, et cetera, et 
cetera. In test reports that express more 
superlatives than a Christmas dinner, 
the performance of the V-1S Type I II has 
been described as " ... a virtually flat 
frequency response ... Its sound is as 
neutral and uncolored as can be 
desired." All of which means that if 
you're the giver, you can make a hi-fi 
enthusiast deliriously happy. (If you'd 
like to receive it yourself, keep your 
fingers crossed!) 

Shure Brothers Inc. 
222 Hartley Ave., Evanston, IL 60204 
In Canada: A. C. Simmonds e) Sons limited 

SHURE 
® 

Manufacturers of high !idelity components, 
microphones, sound systems and related circuitry. 

LETTERS 
Sirs: 

In his article "Center-Pivot Irriga­
tion " [SCIENTIFIC AMERICAN, June] Wil­
liam E. Splinter describes the agricultur­
al revolution that has resulted from the 
use of center-pivot irrigation systems 
throughout the western Middle West. 
We should like to put forward a concern 
about a further cost of such systems: the 
removal of many hundreds of miles of 
shelter belt trees. 

Shelter belts have been recognized as 
the most successful large-scale weather­
modification activity ever attempted. 
Growing out of the Dust Bowl drought 
years of the 1930's, this program estab­
lished tree plantings to stabilize the soil, 
reduce soil-moisture loss, increase soil 
moisture through snow accumulation 
and in general improve the microcli­
mate of croplands in the vicinity of the 
belts. Recently a combination of factors 
has led to a drastic reduction in the acre­
age of shelter belt trees. Other methods 
of reducing wind erosion have been de­
vised, involving the management of 
crop residues and new types of tillage. 
All such methods require enough mois­
ture to grow a crop, and several succes­
sive dry years make them much less ef­
fective. 

Moisture conditions have been gener­
ally favorable since the 1960's in North 
Dakota. South Dakota. Nebraska. Kan-

SdentUle American, December, 1976; Vol. 235, No.6. 
Published monthly by Scientific American, Inc., 415 
Madison Avenue, New York, N.Y. 10017; Gerard Piet, 
president; Dennis Flanagan, vice-president; Donald H. 
Miller, Jr., vice-president and secretary; George S. 
Conn, treasurer; Arlene Wright, assistant treasurer. 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue, 
New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk 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 35 cents. 

Suhsc:ription 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 

sas and Colorado. so that establishing 
annual crops has not been a problem. 
And since cropland is valuable. reduc­
tion of nonproductive land has been the 
rule. Moreover. although center-pivot 
irrigation systems can do many things. 
they cannot run over 30-foot trees. Thus 
the trees are being removed. 

The value of tree shelterbelts is much 
like a savings account. On a dollar-for­
dollar basis there are better investments. 
but trees that are planted and grow dur­
ing the good years will be there during 
the dry and windy years to protect the 
land from disaster. The trees become in­
creasingly valuable as drought contin­
ues to deplete ground-water supplies 
and to render the irrigation systems. if 
they can operate at all. absurdly expen­
sive and energy-consumptive. 

A 1975 General Accounting Office re­
port ("Action Needed to Discourage 
Removal of Trees that Shelter Cropland 
on the Great Plains ") raised concerns 
about the removal of the trees. The re­
port stated: "Unless actions are taken to 
encourage farmers to renovate and pre­
serve existing windbreaks rather than 
remove them. an important resource 
which has taken many years to develop 
could be lost and adjacent cropland 
could erode and become less produc­
tive." Center-pivot irrigation systems 
are only one of the reasons for removing 
trees; others are current economics. a 
general lack of knowledge of the long­
term benefits of the trees and fading 
memories of skies filled with dust. ... 

DOUGLAS G. Fox 

RALPH A. READ 

RICHARD W. TINUS 

Rocky Mountain Forest and 
Range Experiment Station 

Forest Service 
U.S. Department of Agriculture 
Fort Collins. Colo. 

Sirs: 
When the present offers illumination 

of the distant past. it seems a shame to 
ignore it. 

In his review of bull-leaping as it was 
depicted in ancient Crete and Greece 
["Science and the Citizen"; SCIENTIFIC 
AMERICAN, August] John G. Younger of 
Duke University seems to have over­
looked a version of that ancient sport 
that continues to flourish in the course 
landaise. a kind of bullfighting peculiar 
to the Landes region of southwestern 
France. 

An inevitable part of the course lan­
daise is the performance of a sauteur. 
who. if he is particularly skillful, will 
demonstrate several ways of leaping 
over a charging bull. (Actually in this 
kind of bullfighting it is the female ani­
mal that is fought. but the horns are just 

© 1976 SCIENTIFIC AMERICAN, INC



When it comes to buying a 3Smm SLB, 
foresight is less expensive than hindsight. 

The time to find out what you need in 
a 3Smm SLR is before you buy it, not 
after. 

Because a camera that meets 
your needs is a good buy. And a 
camera that doesn't is a bad buy at 
any price. 

Know thyself. First of all, look 
ahead to what you'll want to do with 
the camera. Most manufacturers, in­
cluding Minolta, offer a tempting ar­
ray of features. To name a few: inter­
changeable finders and viewscreens, 
motorized film winding, self-timers, 
multiple-exposure capability and 
automatic exposure control. If you'll 
be using them, fine. If not, save 
yourself some money by cutting out 
the frills. Don't buy more camera 
than you need. Or less. 

Match-nee dle or electron ic 
auto-exposure? Minolta makes both 
kinds, so our only concern is that 
you get what's best for you. 

A match-needle camera costs 
less. To set exposure, you line up 
two needles in the viewfinder. It's 
easy, fast and accurate, but you do 
the work. Minolta's match-needle 
models, the SR-T 200, the SR-T 201 
and the SR-T 202, differ in price, ac­
cording to their operating features. 

Minolta's electronic automatic 
models are the professional XK, the 
deluxe XE-7 and the economical 
XE-S. In these cameras, shutter 
speeds are controlled electronically 
with unprecedented precision. Even 
if the light changes the instant be­
fore you shoot, the camera will set 

itself for correct exposure. Among 
Minolta electronic SLR's, you get a 
wide choice of features, including 
interchangeable viewfinders and 
focusing screens, shutter speeds to 
1/2000th of a second, and multiple­
exposure capability. 

How much inf ormation should 
the viewfinder display? The more 
information in the 
viewfinder, the 
more you know 
about the techni­
cal details of how 
the camera is tak­
ing the picture. If Mino/ta XE·7 viewfinder 

this means a lot to you, pay the extra 
cost. If not, save some more money 
by getting a simpler model. 

The important thing about Minolta 
SLR's is that in every single one, you 
can compose, focus, set exposure 
and shoot without ever looking away 
from the viewfinder. So you won't 
miss shots of even the fastest-mov­
ing subjects. 

How does the camera feel and 
sound? This can tell you a lot about 
how well thought out the design is. A 
camera shouldn't take "getting used 
to." Your fingers should fall naturally 
and comfortably into place over the 
controls. 

Advance the film wind lever. If a 
new camera has a "grainy" feeling, 
how will it feel after a couple of 
thousand shots? 

How about noise? Close machine 
tolerances and careful damping of 
moving parts in Minolta cameras 
give you a noticeably smoother, 
more solid response when you push 
the shutter button. And Minelta's 
automatic SLR's have a newly de­
signed electronic shutter that's a 
joy to hear because you almost 
can't hear it. 

How easy is it to change lenses? 
You shouldn't miss any shots while 
changing lenses. So Minolta has de­
veloped a patented bayonet mount 
that locks on in less than a quarter 
turn, instead of the three or more 
turns required by a screw mount. 

And unlike others, the Minolta 
bayonet mount doesn't require re­
alignment of f/stops every time you 
change lenses. 

How do you judge craftsman­
ship? Take a close, careful look at 
the details. Everything should be 
tucked in neatly. Finishes should be 
even and unmarred. No machining 
marks should be visible, even inside. 

The lens sy stem. You C:::�--���� 
need a choice of lenses �::::: ____ = 
broad enough to meet your present 
and future needs. Minolta offers al- ------__ � 

most 40. From a 7.Smm "fisheye" to 
a 1600mm super-telephoto. 

Minolta 
The more you know about cameras, 

the more you'll want a Minolta. 

Ca mera s h av e  r ep utati ons. 
Check them out. By all means, ask 
your friends about Minolta. Since it's 
the largest-selling imported camera 
b r a n d  in t h e  U.S ., c h a n c e s  a r e  
someone you know owns one. 

If you'd like more information 
about Minolta 3Smm SLR's, write to 
Minolta Corporation, 101 Williams 
Drive, Ramsey, N.J. 07446. In Can­
ada: Anglophoto, Ltd., P.Q. 
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Forecasting crop yields is still 
more of an art than a science. No 
electronic system, however sophis­
ticated, can yet match a farmer's 
feel for how his crops are doing. 
But individual assessments like 
"pretty good" or "we'll have a 
bumper crop if the weather holds" 
can't be used effectively for world­
wide or even regional forecasts. 
They don't fit into a computer, and 
they take too long to compile and analyze. 

What's needed is millions of precise, 
numerical estimates of crop status flowing 
steadily into the computer on an acre-by-acre basis. 
This calls for a satellite-borne system which provides a truly 
synoptic view of the earth's arable areas. NASA's Landsat, 
in orbit since 1972, has been providing this kind of data. 
NASA is now preparing to provide a much improved capa­
bility to the world's users of Landsat data. 

This next generation Landsat Sensor system, called Thematic 
Mapper, is now in the study phase. This new system will 
provide improved spatial and spectral resolution over the 
present system. It will be able to discriminate more effec­
tively between different crops, stages of growth, and sick 
and healthy vegetation. Besides crop watching, it will be 
able to survey forest resources, detect changes in land use, 
monitor rangelands for better livestock management, and 
help in watershed and water use management. 

Thematic Mapper scheduled to fly in 
1980 aboard Landsat-D spacecraft will 
be in sun-synchronous orbit at 705 km 
altitude, scanning a swath 185 krn wide 
and covering all inhabited areas of 
the earth. 

Some additional growth capabili­
ties will be built into the Thematic 
mapper design under study by TRW 
Systems and Perkin-Elmer. Be-
cause of its unique rotary scanning 

system, the scan is unidirectional and 
the sensor output is inherently linear. 

This means simplified data processing on 
the ground, faster status reporting, and thus 

an overall reduction in system operating costs. 

Simplified ground data processing is particularly impor­
tant. It means that low-cost ground stations can be set up 
around the world. They'll be able to take data on local crop 
conditions directly from the satellite as it passes overhead; 
no need to go through a central receiving station. Such 
reports will become even more valuable when they can be 
coordinated with long-range weather forecasts. 

The Thematic Mapper is one of many ways that TRW is 
working to improve space technology as a tool to give us a 
better understanding of our earth and man's impact on it. 

TRW is a worldwide leader in electronics, defense, & 
energy systems and in computer-related technology for in­
formation management & systems control. 

TRW 
DEFENSE AND SPACE SYSTEMS GROUP 

Attention: Marketing Communications, E2/9043, One Space Park, Redondo Beach, California 90278 
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as dangerous and the urge to kill is just 
as strong.) The sauteur may meet the 
animal's charge simply by jumping high 
enough to clear the horns on his way up 
and the flanks on his way down; he may 
execute a forward flip that deposits him 
back on the ground just after the animal 
has passed under him, or he may leap 
high and forward with his arms wide­
spread, seemingly fiying over his four­
footed opponent. 

This last maneuver is called a saut de 
i'ange, and in photographs it looks exact­
ly like the depictions of bull-leaping 
preserved on certain ancient Greek 
seals: the leaper is in a "static ... pose 
above the bull. The leaper seems to float 
there horizontally." That description 
by Younger was intended to indicate 
the impossibility of such a leap, and to 
prove that such depictions must have 
been based on descriptions or con­
ventions rather than on eyewitnessed 
events. 

This conclusion is called into question 
by the photographs of the saut de i'ange, 
which appear regularly in French news­
papers during the course landaise season. 
There may have been no bull-leapers 
left in Greece after 1300 B.C., as Youn­
ger contends, but there are some very 
good ones alive and leaping in France 
today. 

WILLIAM C. WEES 

Department of English 
McGill University 
Montreal 

Sirs: 
Concerning the famous "medieval 

woodcut " of the traveler poking his 
head through the starry sphere ["The 
Curvature of Space in a Finite Uni­
verse, " by J. J. Callahan; SCIENTIFIC 
AMERICAN, August], I erred in telling the 
editors that it was first published in 
1907. Arthur Beer of Cambridge, En­
gland, informs me that it first appeared 
in 1888 on page 163 of Camille Flam­
marion's L 'Atmosphere: Mtfttforologie Po­
puiaire. It is quite likely that Flamma­
rion, an experienced artist as well as 
an astronomer and science popularizer, 
himself originated the design. I took my 
previous information from a 1957 arti­
cle by Ernst Zinner, in which the Ger­
man historian of astronomy reported his 
unsuccessful efforts to find an earlier 
publication. Zinner's search included 
Flammarion's prolific astronomy popu­
larizations but overlooked the one on 
meteorology. 

OWEN GINGERICH 

Center for Astrophysics 
Harvard College Observatory 
Smithsonian Astrophysical 

Observatory 
Cambridge, Mass. 

VIRUSES IN WATER 
a cause for concern 

Water is essential to life. The quantity of water man needs for survival varies for 
different cultures and economic situations-but for the great majority of the world's 
people, water resources are scarce and modern water supply systems nonexistent. 

Because surface waters are readily contaminated by physical, chemical, and es­
pecially biological pollutants, water in many areas, instead of supporting life, brings 
illness and death. While there are means to control waterborne bacteria that cause 
typhoid epidemics, current water purification methods do not effectively remove viruses. 
There is clear evidence that at least one viral disease, infectious hepatitis, is transmitted 
by polluted waters and by shellfish grown in such waters. As population pressures 
increase and uncontaminated water sources become scarcer, the problem of waterborne 
viruses is enhanced. 

The International Conference on Viruses in Water, held in Mexico City in 1974, 
brought leading scientists from many countries to discuss this urgent concern. The con­
ference was sponsored by the American Public Health Association, cosponsored by the 
World Health Organization, Pan American Health Organization, and Government of 
Mexico. The book Viruses in Water presents data, discussions, and perspectives from 
these meetings. The editors served as the planning committee and as chairmen of the 
sessions. 

The editors are: Gerald Berg, Ph.D., Environmental Protection Agency, Cincinnati, 
Ohio. Howard L. Bodily, Ph.D., Brigham Young University, Provo, Utah. Edwin H. 
Lennette, M.D., Ph.D., California Department of Public Health, Berkeley. Joseph L. 
Melnick, Ph.D., Baylor College of Medicine, Houston, Texas. Theodore Metcalf, Ph.D., 
University of New Hampshire, Durham. 

What needs to be done Standards must be set for permissible virus 
concentrations in drinking water, recreational 

waters, and water used for certain other purposes. Improved methods for detecting 
viruses in large volumes of water, and for removing them from drinking water sources 
and drinking water itself, must be developed and tested. The waste treatment plant must 
be replaced by the water refinery. This is the challenge of Viruses in Water. 

CONTENTS: Part I. Social Impact: Introduction, Water Needs and Usage, The Legislative 
Concern. Part 2. Epidemiology: Human-Associated Viruses, Animal-Associated, Minimal Infective 
Dose, Epidemiological Indications. Part 3. Detection Methodology: Enteric Viruses, Viruses on 
Solids, Systems for Detection, Virologic and Engineering Problems. Part 4. Reclamation and Dis­
posal: Removal, Photodynamic Inactivation, Viruses in Renovated Waters, Disposal of Sludges. 
Part 5. Legal, Community and Geographic Problems: Legal and Regulatory Decisions and Dilemmas, 
Community Response to Spray Irrigation Disposal, Geographic Considerations in the Americas, 
in Asia. Part 6. Perspectives: Social Impact, Epidemiology, Detection Methodology, Reclamation and 
Disposal, Legal, Community, and Geographic Problems. 

272 pages 
$12.50 

American Public Health Association 
Dept. SA, 1015 18th St. N.W., Washington, D.C. 20036 

VIRUSES IN WATER No. of copies @$12.50 _______ _ 

Please add 50. per order for postage and handling 

Total amount enclosed $ ______ _ 

Nrune _______________________ _ 

Add�s ______________________ _ 

City _______________________ _ 

State, _______________ Zip, _______ _ 

AMERICAN PUBLIC HEALTH ASSOCIATION, Dept. SA, 1015 18th St. NW .• Washington, D.C. 20036 
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I 

A unique Step-By-Step gui de 
that solves organization and de­
sign problems and makes writing 
technical reports a snap, 
• A one·of·a·kind 396·page "instant reference 

library" 
• Includes Guides and Checklists 
• 9 complete samples ranging from one· page 

memoranda to 50· page formal reports 
• Profusely illustrated with graphs and flow charts 

CONTAINS THE 
WHAT, WHEN, WHERE, WHY, HOW 
AND WHO OF: 
• Determining the function and purpose of the 

report; the communication process, and audience 
analysis problems and solutions 

• Design structure and opening and discussion 
components 

• Writing and editing, layout and visuals 

Not available in 
bookstores so act now 
and save, 
Order 5 or more copies and receive a special 
20% discount 

MONEY BACK GUARANTEE 

Get a copy for a 15-day 
free-trial period 

oPlease send me DESIGNING TECHNICAL REPORTS 
to examine for 15 days. If not satisfied, I may return 
the book and owe nothing. Otherwise, I will pay the 
amount on the invoice accompanying my book. 

OR Order Today 
I wish to order: 

Title 

Designing Technical 
Reports 

Unit Sub 
Price Total 

Add local sales taxes where applicable. 

not
*
:c���������J�r�rft& ������t

b��i� 
$.50 for each additional book. 

TOTAL AMOUNT 

o Payment enclosed. (No handling charge) 

o Bill me. (Handling charge added). 

(For an order under 5 copies, the price is $14.95 
per copy. For 5 or more copies, the price is $11.96 
per copy.) SAl26 

Name ____________ _ 

Address ___________ _ 

City· _____ State ____ Zip __ _ 

Return to: 

Bohhs-Merrill Educational Puhlishing 
4300 West 62nd Street 
Indianapolis, Indiana 46206 
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50 AND 100 
YEARS AGO 

� S�IENm1��ICAN � 
DECEMBER, 1926: "The relation of 

the United States to the debtor nations 
was never more happily put than in 
President Coolidge's Memorial Day 
speech at Arlington. The President re­
ferred to the loans made to foreign gov­
ernments and foreign enterprises for the 
purpose of reestablishing their public 
credit and their private industry. He 
said, 'By such action we have not only 
discharged an obligation to humanity 
but have likewise profited in our trade 
relations and established a community 
of interests which cannot be but an add­
ed security for the maintenance of 
peace. In so far as we can confirm other 
people in the possession of profitable in­
dustry, without injuring ourselves, we 
shall have removed from them that eco­
nomic pressure productive of those dis­
sensions, discords and hostilities which 
are a fruitful source of war. It has been 
in accordance with these principles that 
we have made generous settlements of 
our foreign debts. It has been thought 
wise to extend the payment of our debts 
over a long period of years, with a very 
low rate of interest in order to relieve 
foreign peoples of the burden of eco­
nomic pressure beyond their capacity to 
bear.' " 

"The Secretary of the National Re­
search Council, Dr. Vernon Kellogg, 
states that we can no longer depend 
upon scientific research in Europe for 
future development. He thus emphasiz­
es Secretary Hoover's recent call for the 
promotion of research in pure science in 
America. Germany, France and other 
Continental countries have for genera­
tions led the world in the study of pure 
science, and the United States has profit­
ed by the results. But Europe has re­
ceived a staggering set-back in its pure 
science research work as a result of the 
stringent economic conditions imposed 
since the World War. 'Everywhere: says 
Dr. Kellogg, 'I have met with the cry, 
"We have little money for research; 
what are you in America going to do?'" 
We owe it to ourselves, nay, we owe it to 
the world at large, to turn a larger share 
of our enormous post-war wealth into 
the channels of pure science research." 

"The installation of brakes on air­
plane wheels is proving very usefuL The 
brakes shorten the landing run, do away 
with the necessity of ground tackle or of 
men hanging on to the wings at the start 

of the takeoff and when acting indepen­
dently on either wheel facilitate steering 
on the ground. The Sauzedde Wheel 
Company has now brought out a wheel 
for airplanes in which the brake mecha­
nism is an integral part of the wheeL A 
wire, usually enclosed in the steel-tubing 
struts of the landing gear, transmits the 
force to the brake from the rudder-bar 
pedaL" 

"A new method of cheaper synthesis 
of high-grade motor fuel in Germany 
may go far toward the solution of the 
motor-fuel problem in the future. The 
Berlin professor Franz Fischer, who re­
cently devised means of making liquid 
fuel synthetically from coal products, 
has now simplified his process so that he 
can dispense with the costly high-pres­
sure apparatus that has stood in the way 
of its commercial development. Coke 
and coal are almost completely gasified 
when steam is led over them at high tem­
perature, and water-gas, a mixture of 
carbon monoxide and hydrogen, is 
formed. The Badische Analin und Soda 
Fabrik first succeeded in commercially 
synthesizing liquid fuels from this gas 
mixture in Germany by means of Pro­
fessor Fischer's early methods, in which 
pressures of 1,500 pounds per square 
inch or more were employed. By his new 
process Professor Fischer has succeeded 
in synthesizing gaseouS, liquid and sol­
id hydrocarbons from carbon monox­
ide and hydrogen at ordinary pressure. 
Hitherto all reduction of carbon monox­
ide without pressure yielded methane, 
but Fischer found that by using an iron­
zinc oxide catalyzer more complicated 
products were formed." 

DECEMBER, 1876: "Although fail­
ure has been the fate of every attempt 
thus far made to navigate the air by me­
chanical devices, the problem has by no 
means been given up as hopeless. Cer­
tain experiments, made at the expense of 
the Aeronautical Society in England, to 
determine the exact lifting pressure of 
air currents directed against a plane in­
clined at different angles, have obtained 
results that are especially promising. 
The plane used was a steel plate a foot 
square, and the substitute for the resis­
tance occasioned by the passage of a 
body at high speed through the air was 
the blast of a powerful fan blower. The 
pressure on the plate was 3'14 lb., indi­
cating a wind velocity of about 25 miles 
per hour. Inclined at an angle of 15 de­
grees, the plate felt a lifting pressure 
amounting to 1!2 lb. The chief thing 
that remains to be done for the success­
ful solution of the problem of flight is 
therefore to drive a sufficiently broad­
bottomed car at a speed of, say, 40 to 60 
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miles an hour by means of an apparatus 
acting on the air. At this velocity the 
resistance of the air would support the 
car, at the cost of a relatively small part 
of the driving force." 

"We have before us the detailed nar­
rative of the English expedition that has 
lately returned from the Arctic regions. 
The sledge parties from the Alert 
reached the highest northern point ever 
attained, and only turned back when 
further progress toward the pole be­
came impossible owing to the roughness 
of the ice and the terrible cold. When all 
had come back to the ships, Captain 
Nares expressed the opinion that the he­
roic devotion of officers and men had 
secured for the expedition complete suc­
cess. While the pole had not been 
reached, the impracticability of any­
one's ever attaining it had been placed 
beyond doubt." 

"How does the typhoid fever poison 
gain admission to the human body? 
Undoubtedly there are two principal 
sources, namely the air we breathe and 
the water we drink. A large number of 
well-authenticated histories have now 
established the fact that the fever may 
result from gases emanating from priv­
ies, sewers, etc., that have been the re­
ceptacle of the excrement of typhoid pa­
tients, and also from drinking water 
from springs and wells that have be­
come contaminated by matters from ad­
joining privies and cesspools. The exact 
nature of the typhoid fever poison, how­
ever, is still unknown." 

"Some time ago a number of enthusi­
astic Frenchmen conceived the idea of 
presenting a monument to the people of 
this country in commemoration of the 
ancient friendship of the two republics. 
Meetings were held in Paris, a subscrip­
tion list was opened, and finally it was 
decided that the monument should be 
an immense statue, more than 200 feet 
high, to be erected in New York harbor. 
The design is 'Liberty Illuminating the 
World,' and in harmony therewith the 
hand of the figure holds a torch with a 
gilded flame. M. Bartholdi. a celebrated 
French sculptor, was commissioned to 
execute the work, and his operations 
have progressed as far as the completion 
of one hand and fore arm, which are at 
present erected on the grounds of the 
Centennial Exposition in Philadelphia. 
Now, however, there is a hitch in the 
money matter. It appears that it has 
been left to the people of New York to 
erect the pedestal and also to pay part of 
the expense of making the statue, and so 
far our citizens have failed to respond to 
the call upon their purses. Meanwhile in 
Philadelphia it has been proposed that if 
New York thus virtually declines the 
gift, Philadelphia will secure it for her 
inland harbor." 

someone choose 
of all 
words. 

This Christmas, give the dictionary that does 
more than define words and show how to 
spell them correctly Led by Edwin Newman, 
the unique American 
Heritage Dictionary 
Usage Panel gives 
expert advice on 

how to use words more effec-
tively - by making clear dis­
t i n c t i o n sbet w een g ood 
usage and bad usage. With 
155,000 ent ries, 4,000 
illustrations, and thou­
sands of new words, it' 
also the most up­
dictionary in America 
The American Heri-
tage Dictionary. Fro 
$9.95 

big advantage to give. Or to 
PUbJ!shed by Houghton Mifflin Company. Two Park StieeJ • Boslon, 
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70 Pine Street, New York, N.Y. 10005 
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�------------.-----.. -.-.-� 
17 

© 1976 SCIENTIFIC AMERICAN, INC



© 1976 SCIENTIFIC AMERICAN, INC



-, 

". 

Hear the 
light. 

Today, communications may be 
at the threshold of another revolution 
in technology. 

Someday soon, when you make 
a phone call, your voice may be car· 
ried between telephone offices as 
pulses of light over a hair·thin glass 
fiber. 

We call this new technology 
lightwave communications. 

Less Cost, Less Space: 

Lightwave communications has 
the potential for carrying enormous 
quantities of information -from phone 
calls to business data to TV pro· 
grams -at low cost. And it can do it 
in much less space. 

Right now, we're testing an ex· 
perimental system that can· carry 
nearly 50,000 phone calls in a cable 
of glass fibers not much thicker than 
a clothesline. It could do the work of 
several copper cables, each as thick 
as your arm. 

That will allow us to save space 
in the crowded cable ducts under the 
streets of many of our cities. Which 
in turn will lessen the need to add 
new cable ducts to expand service. 

But even carrying that many 
calls uses only a fraction of a light 
beam's capacity. 

So it will give us plenty of room 
to grow. 

To make lightwave communica­
tions possible, the people at Bell Labs 
and Western Electric attacked a 
number of problems simultaneously. 

W hat Had to be Done: 
What kind of problems? 
Creating some of the most trans­

parent glass the world has ever known. 
Developing techniques to draw 

the glass into highly precise fibers 
which, despite their tiny size, have a 
complex internal structure that keeps 
the light from leaking out. 

Devising ways to protect the 
delicate fibers from damage, to make 
them into cables strong enough to 
pull through underground ducts, and 
to splice them-a hundred or more 
at a time. 

To generate the light carried by 
the fibers, they developed a tiny, 
solid-state laser smaller than a grain 
of salt. (Today's design is expected 
to operate continuously for ten years 
or more.) 

To put information onto the light 
beam, they designed equipment that 
turns the tiny laser on and off millions 
of times a second. 

And they developed repeaters to 
regenerate the light signal along its 
way, as well as photodetectors 

trical signal that can travel throughout 
the telephone network. 

We think lightwave communi­
cations may prove a long step forward 
in the development of communica­
tions. 

We may put it to use in the 
early 1980's to relieve cable conges­
tion between major switching centers. 
For special applications, we may use 
it even sooner. 

And it may someday carry 
business data, visual communication 
services and facsimile transmission 
into your home and office. 

Seeing to It: 

Innovations from Bell Labs and 
Western Electric are put to work by 
your Bell telephone company. That's 
another reason you have the most 
reliable, least expensive telephone 
service in the world. 

To keep it that way, one of the 
things we're doing is seeing to it 
that before long you'll be hearing 
the light. 

One of a series of messages to 
keep you informed of how telecom· 
munications technology is changillg 
our world -and the part Bell Labs, 

at the receiving end to convert 
the light back into an elec-

@ 
Western Electric and YOlfr 
Bell telephone company 
are Playing in it. 

Bell Laboratories/Western Electric 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-offlce-sCl1001-park-club-churches-laboralory 

Unique instructional games designed by uni­
versity professors to make learning fun 
through brain-ta-brain action. Beginning games 
can be mastered by young children--- final90me� 
will challenge intelligent adults. These are 
the famous GAMES FOR THINKERS from 
WFF 'N PROOF Publishers. 

WFF 'N PROOF (logic) 13.00' 
QUERIES 'N THEORIES (science) 13.00' 
EQUATIONS (mathematics) 10.00' 
ON-SETS (set theory) 10.00' 
PROPAGANDA (social studies) 11 .00' 
ON-WORDS (word structures) 10.00' 
CONFIGURATIONS (geometry) 6.75' 
TRI-NIM (problem solving) 5.75' 
REAL NUMBERS (arithmetic) 2.25' 
WFF (beginner's logic) 2.25' 
QWIK-SANE (puzzle) 2.25' 
TAC-TICKlE (pure strategy) 1 75' 
Teachers Manual 1.25* 
THINKERS Bookends 16.00' 
12-Kit THINK TANK & Teachers Manual 

With THINKERS Bookends (save $10.75) 94.50' 
Without Bookends (save $4.75) 84.50' 

·posfoge & handling Included 

Order from WFF 'N PROOF 
1490·EE. South Boulevard. Ann Arbor, Mi. 48104 

Phone Free 800·528·6050 Ext. 702 

Gifts that are a COMPLIMENT to receIve! 

Your first look through Lumlscope will evoke 
surprise and disbelief. Because now, in brilliantly 

ated field, you will discover mini-structure of inanimate and 
living things. Discern undreamed-of new detail in stamps, 
coins, fibers. Have you ever observed life teeming within a 
drop of water; the awesome finesse in the wing of a moth; or 
the intricate structure of a simple aspen leaf? Lumlscope 
will unfold all this for you and much more. Exquisite German 
optical system consists of microscope, light source (with 
batteries) and stand, in fitted case. Order Lumlscope today, 
for entire new look at "mini-world" around you! 

s7a�9 F��!�i:��, ��x ;4�82� hlllll.,lilllllrii: 
Heiiniker';' 7798uSh Si. :-BO'x 75S("8an-FranCisco-:-CA 94120 

Yes, subject to 2-weeks return privilege and one year 
guarantee for parts and workmanship. please send me: 
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D lumlscopes @ $29.95 ea. 
D Save: Three (3) lumlscopes for just $84.95. 
D My check for this amount, plus $1 per shipment for 

post.lins. (plus tax for CA deliv only) is enclosed 
D Charge my BA/MC account: 
/I Exp. __ 
or for fastest servlc. calf TOll FREE (800) 327-8912 
(IN FLA 11-800) 432·5024j1N SF 8AY AREA CALL: 433-7540 
My name is _________ _ 

THE AUTHORS 
ELI GINZBERG ("The Pluralistic 

Economy of the U.S. ") is chairman of 
the National Commission for Manpow­
er Policy. Born in 1911, he has lived all 
his life in New York and received his 
bachelor's, master's and doctor's de­
grees from Columbia University. He 
is now A. Barton Hepburn Professor 
of Economics at the Graduate School 
of Business at Columbia and Director 
of Conservation of Human Resources. 
Ginzberg has been an adviser on man­
power for the past seven presidents, be­
ginning with President Roosevelt. He is 
the author of a number of books, includ­
ing The Pluralistic Economy. His latest 
book, The Human Economy, published 
this year by McGraw-Hill, outlines his 
basic philosophy of human resources 
and manpower. Since World War II 
Ginzberg has also been engaged in stud­
ies of medical economics; in 1969 he 
published a book on the subject titled 
Men, Money and Medicine. "I lead a plu­
ralistic life," he writes, "being a pure 
urbanite during the academic year and 
then spending three months every sum­
mer on Martha's Vineyard doing my ba­
sic work and recharging my batteries." 

WILLIAM P. BEBBINGTON ("The 
Reprocessing of Nuclear Fuels") retired 
in 1975 after spending 35 years with E, I. 
du Pont de Nemours and Company. He 
joined Du Pont after receiving his bach­
elor's degree in chemistry and his doc­
torate in chemical engineering from 
Cornell University. During World War 
II he worked on the design of heavy­
water plants for the Manhattan project. 
From 1945 until 1950 he was involved 
with economic studies and with plan­
ning heavy-water plants. For two years 
thereafter he worked with the Atomic 
Energy Division of Du Pont on the de­
sign of heavy-water plants. In 1952 he 
became Technical Superintendent of the 
Savannah River plant for the produc­
tion of heavy water. There he remained 
in several different capacities, retiring 
from his final position as General Super­
intendent of the Works Technical De­
partment. Bebbington's major interests 
outside of nuclear technology are bota­
ny and plant ecology. 

OLGA EIZNER FAVREAU and 
MICHAEL C. CORBALLIS ("Nega­
tive Aftereffects in Visual Perception") 
are respectively assistant professor of 
psychology at the University of Mont­
real and professor of psychology at 
McGill University. Favreau was born 
and educated in Montreal and earned 
her Ph.D. at McGill in 1973. She joined 
the faculty at Montreal in 1974. Her 
work in visual perception grew out of 
her interests in psychology and in the 
visual arts. She is also concerned with 

the position of women in society, which 
has led her to look into research on dif­
ferences in abilities according to sex. 
She has just completed a one-year term 
as a member of the Canadian Psycho­
logical Association'S Task Force on the 
Status of Women in Psychology, where 
she did a survey of bias in research on 
sex differences. Corballis was born in 
New Zealand but is now a Canadian citi­
zen. After being graduated from Victo­
ria University College in New Zealand 
in 1959 with a master's degree in mathe­
matics he switched to psychology, ob­
taining a master's in 1962 from the Uni­
versity of Auckland. Three years later 
he received his Ph.D. in psychology 
from McGill. After a brief period as a 
lecturer in psychology at Auckland he 
returned to McGill as a member of the 
faculty. Corballis is interested in most 
aspects of human experimental psychol­
ogy, and this year he and Ivan L. Beale 
published a book titled The Psychology of 
Left and Right. He writes; "My wife and 
I both make stoneware pottery, she with 
greater expertise than I. and I can beat 
Olga Favreau at squash." 

N. DAVID MERMIN and DAVID 
M. LEE ("Superfiuid Helium 3") are 
professors of physics at Cornell Univer­
sity. Mermin received his bachelor's de­
gree in mathematics from Harvard Uni­
versity in 1956 and remained there to 
get his Ph.D. in physics in 1961. He has 
been on the faculty at Cornell since 
1964, working in the theoretical physics 
of condensed matter. He is the author of 
the nontechnical book Space and Time in 
Special Relativity and is coauthor (with 
N. W. Ashcroft) of a basic introductory 
text, Solid State Physics. Lee received his 
bachelor's degree in physics from Har­
vard in 1952. After a short period of 
military service he resumed his studies 
in physics, receiving a master's degree at 
the University of Connecticut in 1955 
and a Ph.D. from Yale University in 
1959. Since that time he has been a 
member of the faculty at Cornell. As a 
codiscoverer of the new superfiuid phas­
es of liquid helium 3, he has been award­
ed the Simon Prize by the British Insti­
tute of Physics (together with his col­
leagues Robert C. Richardson of Cor­
nell and Douglas D. Osheroff, who is 
now at Bell Laboratories). 

KEIR PEARSON ("The Control of 
Walking") is associate professor of 
physiology at the University of Alberta. 
Born in Tasmania, he received his un­
dergraduate degree in electrical engi­
neering from the University of Tasma­
nia in 1964. In that year he received a 
Rhodes Scholarship that enabled him to 
pursue his studies at the University of 
Oxford. "I began research on micro-
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Accountants. Systems Engineers. 
Experts. Production Supervisors. 
Operations Researchers. Surgeons. 
Consultants. Civil Engineers. Account 
Executives. Heating/Refrigeration 
Specialists. Attorneys. Physicists. 
Surveyors. Actuaries. Mathematicians. 
Pharmacologists. Mechanical Engineers. 

Programmable calculators are for 
everyone. Scientists and engineers. 
Assistants and technicians. Financiers, 
businessmen and secretaries. you ..... . 

TI has a free gift for you. See inside. � 
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The SR-52 puts cotnputer-like po'Wer 

to 'Work and tnakes nutnber tasks tnore 

tnanageable than ever before. 
Optimization. Mathematical model­
ing. Iteration. Data reduction. Pro­
jections. What- if matri ces. Risk 
analysis. Forecasts. Worst case 
analysis. Probability. If you're a 
professional-or studying to be one 

-then chances are you're making 
calculations like these. If you have 
the time, you work them out. Or, 
you get in line for computer time, 
then wait. So, more often than you'd 
like to admit, you rely on your intui­
tion or make an educated guess. But 
you don't need to guess. You can 

know. Because programmables help 
you cope with more data, explore 
with more insight, far more success­
fully than ever before. You make 
better decisions, chosen from more 
options - better decisions founded 
on a broader data base. More deci­
sions. Faster. On the spot. 

Programming is just logical think­
ing. You can do it. You'll be writing 
programs in just a few hours. More 
than likely you won't be able to 
write optimum programs straight­
off. (Programs which run the fastest 
and use the fewest steps.) However, 
you can begin writing programs that 
work. Then, record your program on 

Don't miss TI's free offer! 
Lift flap. 
Due to tile difficulty of photographing 
calculator readouts. displays represented 
in this brochure are simulated. 

a blank magnetic card and make it 
part of your personal library to use 
again and again. 

You can process data or perform 
complex calculations automatically. 
Load the card and put its contents 
into program memory. Key variables 
directly into the program- or into 
the 20 data memory registers (up to 
60 in certain cases). Run a program 
as often as needed. Change values 
of variables as often as you desire. 

Program memory and data regis­
ters in abundance. Data recording, 
too. The SR- 52's 224-step program 
memory uses merged prefixes, so 
each step can hold two keystrokes. 
With this capability, the SR-52 can 

handle programs you may have 
thought required a computer. Al­
though the basic 20 data registers 
are usually more than adequate, 
you can use up to 40 additional reg­
isters. (28 in program memory, the 
10 pending operations registers, and 
2 more.) And you can record up to 
28 data registers onto blank mag­
netic cards. Read them back later. 

Computer-like branching. The SR-
52 offers seven types of uncondition­
al branching. And 10 conditional 

Economically 

priced at 

$299.95* 

branches each with three ways to 
address: absolute, label, or indirect. 
That's 37 different branching in­
structions. Five flags can be set, 
cleared, or tested from the keyboard 
or within a program. You also get 
10 user-defined keys. 

DiI'ect or indi rect access to all data 
memories. Store numbers directly in 
any memory register. Or, store a 
number in a data memory specified 
by any other register (indirect ad­
dressing). Add, subtract, multiply, 
divide directly within all registers. 
Exchange display with memory. 

Edit and debug. Move through a 

program a step at a time. Forward 
or backward. Insert. Delete. Or 
write over steps. List and trace your 
programs on the PC-100 printer, an 
optional accessory. 

Basic Library of 22 prerecorded 
programs included. Put them to work 
right away : math, statistics, finance, 
electrical engineering, and others. 
You also get a 96-page Basic Library 
manual. Supporting each pre­
recorded program card are sample 
problems, user instructions and 
program listings. 

© 1976 SCIENTIFIC AMERICAN, INC



SR-56. A double duty pow-erhouse. 
Incredible calculating capability. .. 

and you can program it too. 
74-preprogrammed operations. Ten memories. Computer-like 
programmability in 100 steps. And it works with Tl's PC-100 printer. 

An eight-register stack (handles up to seven pending operations). You also 
get nine sets of parentheses. 

Branches like a computer. Capable of direct addressing, which 

includes: Go to. Reset. Subroutine (4 levels). Plus six condi­

tional branches. 

Unique independent test register. Compare the value 

in the display with a value in the t-register-without 

interfering with calculations in progress. Or, use it as 

an extra memory. 
10 memories for your tough problems. Store and 

recall data. Add, subtract, multiply, or divide 
within a memory register without affect-

ing the calculation in progress. 

Unique pause key works two ways. Using 

this key in a program displays any step you 

designate for a 1/2-second. Hold the key down 

and you'll see the result of every step in the 

program for 1/2-second. 
Easy editing. Single-step and back-step 

keys let you sequence through program 

memory to examine what you've done. If 
you pressed a key incorrectly, you can go 
back and write over it. 

An applications library, too. A 192-page 

collection of programs. All pre-written. Select 

a program. Follow the listing (putting in your 
own data, of course). And you'll immediately 

begin using your SR-56's computing power to 
solve your own problems . •  Math (10 programs) 
• Statistics (12 programs) • Finance (11 pro­

grams) • Electrical Engineering (11 programs) 

• Navigation (7 programs) • Miscellaneous and 
games (5 programs.) 

---------------- ----- - . 

I 
I 

-Get our I6-page brochure. 
-Send for a free prerecorded program 

card to try at your retailer. 

I 
I 
I 
I 
I 

-Find out how you can tie in with I 

professionals in your field who have : 
Send me your complete 16-page brochure on 
programmables that delves deeply into the 
features of the SR-52, SR-56 and PC-100. 

already developed programs I 
you need through PPX-52. I 

I Send me a free prerecorded 
program card. 

DEE Program 
o Statistics Program 
o Finance Program 

I'd like information on: 

o Navigation Programs Name ________________________ 1 
o Aviation Programs 
o Surveying Programs Title ________________________ 1 
o Professional Program 

Exchange (PPX·52) Company _______________________ 1 
o SR-5HI Super 

Slide-Rule Add I Texas Instruments Incorporated ress ______________________ _ 

P.O. Box 5012, MIS 98 I Dallas, Texas 75222 E D N I R M D S A City State Zip ____ _ 

----------- - ----------------- __ 1 
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A freetgift to you 
when you buy an SR-52. 
A Library of Amusements, 

Entertainments and Diversions 
If you've ever needed an excuse to buy an SR-52, here it is. 

A $29.95 value. 
Yours Free t! 
When you purchase an SR-52 
from November 15th, 1976 through January 15th, 1977. 

Brain Teasers: Number Guesser. Hi-Lo. Inter­
change. Code Breaker. Star Buster. 

Test your Skill: Mars Lander. Phantom Ship. Mor­
tar Fire. Sea Battle. 

Amusements, party fun: Biorhythm Compatibility. 
ESP Evaluator. Day of the week . Monopoly® 
Banker. 

Tight Competition: Nim. Baseball. Basketball .  
Football. Parachute. 

tSimply: 1 Return your special serialized Customer 
Information Card (packed in the box). 2 Along with 
a copy of a dated proof of your purchase showing 
serial number of SR-52 calculator to: SR-52 Games 
Library, P. O. Box 1210, Richardson, Texas 75080. 

Allow at least 4 weeks for response and delivery. 

This offer is void where prohibited by law and is good in the continental United States only. 

Libraries of prerecorded programs are an 
economical way to better decisions . 

Math. 34 programs $29.95*. Matrix inversions, 
numerical integration, complex variables. 
Electrical Engineering. 25 programs $29.95*. An­
alyze component values in electrical circuitry. 

Statistics. 29 programs $29.95*. Solutions for curve 
fitting, analysis of variance. Probability densities 
and distribution. Means and moments. 

Finance. 32 programs $29.95*. Tax analysis to capi­
tal budgets to consumer finance. 

Aviation. 21 programs $44.95. Flight planning for 
long and short range trips, including full schedules. 
Weight and balance calculations. Area navigation. 

Navigation. 39 programs $44.95*. Ocean crossing. 
Coastal navigation. Racing tactics. Relative, abso­
lute position, speed made good and true course. 
Surveying. 21 programs $44.95*. Land measure­
ment or earthwork. Vertical or horizontal curve 
design, or electronic distance measurement. 

*U.S. suggested retail price, may vary elsewhere. 

PPX-52. Puts hundreds of programs 
for the SR-52 at your disposal. 

There may be times when you need a complex spe­
cialty program. You'd like the convenience of hav­
ing it ready-made -- provided there's no hassle 
involved. This is where TI's Professional Program 
Exchange (PPX) can be of enormous help. 

As a PPX-52 member you'll be able to turn to the 
section of the Catalog that serves your discipline. 
With hundreds of user-submitted programs avail­
able, you'll probably get the one you need. 

What you'll have is a program developed, tested 
and submitted by one of your professional peers. 
Likewise, when you develop programs you may 
submit them for possible inclusion in the Exchange. 

The annual membership fee of $15 entitles you 
to a catalog, updates, and a subscription to the 
PPX-52 newsletter. Plus, your choice of three pro­
grams. You can order more programs as you need 
them -only $3.0 0 each. Send coupon for more 
information. 
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" 

Good value judgements help professionals succeed. 
Choosi ng an SR-52 is an important example. 

Because it helps professionals make better decisions. 
Anytime. Anywhere. 

Law. "The court here handles 
about a million cases a year on the 
misdemeanor level- traffic and mi­
nor offenses. We're trying to im­
prove our efficiency so we've been 
collecting statistical data: How 
many cases are we getting? What 
kinds? What happens to them? My 
SR-52 is helping me analyze these 
statistics. Its value is going to con­
tinually grow in importance as this 
data base increases. With a better 
handle on case load, dispositions, 
follow-up-my administrative skills 
will improve." 
Joseph A. Tvedt, 
Attorney, City 
Prosecutor's Office, 
Phoenix, Arizona 

Insurance. "Part of my work is 
checking the reasonable relation­
ship between the value given and 
the premium charged on insur­
ance. I like the capability of stor­
ing factors on a mag card. It 
eliminates having to go back and 
forth between books of actuarial 
tables and my program. It's con­
venient. Efficient. I take it to my 
meetings. So I can run a program 
right on the spot. The '52 Owners 
Manual is excellent, too. Like read­
ing a good detective story. So in a 
couple of weeks I got pretty darn 
good at programming." 
Edward A. Flickner, Jr. 
Life Actuary, 
The State of Georgia, 
Atlanta, Georgia 

Surveying. "We make a lot of oil 
field surveys. Onshore and off­
shore. We use SR-52's because our 
crew chiefs in the field don't have 
to call the office for calculations. 
They run the program right on the 
spot. That's especially useful at sea 
when you've got 50 to 10 0 calcula­
tions to make. Like when a big oil 
rig is moved. Our bread and butter 
program determines position, di­
rection and distance to the point it 
has to reach. It calculates it for us 
within two to three seconds. We 
also have a PC-lOO in the office." 
Howard Fenstermaker, 
Civil Engineer/Surveyor, 
C. H. Fenstermaker and Associates, 
Lafayette, Louisiana 

Mathematics. "The two programs 
that I submitted to PPX-52 - your 
Professional Program Exchange 
-involve matrices: multiplication, 
inversion and determinant. It's er­
ror-prone to do these by hand, while 
using a computer is expensive and 
bothersome. The SR-52's looping 
and indirect addressing features 
are essential to my matrix prob­
lems. I sometimes use my SR-52 
to show students what they can 
expect from larger computers in a 
way they understand." 
Barbara Osofsky, 
Professor of Mathematics 
Rutgers University, 
New Brunswick, New Jersey 

Mechanical Engineering. "Our 
products are sub-fractional horse­
power gear motors. Several gear 
stress calculations go into every 
motor design. It takes one to three 
hours of hand calculations to opti­
mize a gear train design. So I de­
cided to program the problem on 
an SR-52. Now it takes less than 
30 minutes. Design engineers use 
it too. These programs give our 
engineers the time to make the 
calculations, adding analytic as­
surance to their experience. And it 
ensures having a good gear motor 
design the first time around." 
Steven Hollander, 
Assistant Vice President, 
Molon Motor and Coil Corp. 
Rolling Meadows, Illinois 

Public Health. "Among the most 
critical things we do are toxicolog­
ical analyses and bioavailability 
studies. We have to have statisti­
cal, reproducible data generated 
by verifiable methods. I use my 
SR-52 and the Statistics Library. 
These prerecorded programs give 
me a great deal of flexibility. I also 
joined PPX-52. Why? Because I 
want to keep up with the programs 
generated by other people in the 
health field. I'll get the ones rele­
vant to my work. That'll save me 
from having to do the program­
ming myself." 
Dr. Richard D. Cohn, 
Pharmacologist, 
National Medical Services, 
Willow Grove, Pennsylvania 
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8R-51-II. New professional calculator 
that includes preprogrammed 

statistical capability. 

Price $79.95* 

PC-lOO printer. 

Today's professionals, like yourself, 
are using statistics regularly. TI's 
new SR-51-1I helps handle them con­
veniently. Mean variance and stan­
dard deviation. Correlation analysis 
for two dimensional data directly 
from the keyboard. A least-squares 
linear regression routine handles a 
virtually unlimited number of two­
dimensional data points. Trend line 
analysis, too-a convenient way to 
extrapolate data. There are also 7 
direct-key unit conversions. Trig, log 
and hyperbolic functions. Roots, 
powers, reciprocals, percents, and 
percent change. Plus, with AOS you 
get up to 9 sets of parentheses that 
handle five pending operations. 

Thrns an SR-52 or SR-56 
into a quiet, high-speed 
printing calculator 
that also prints, lists, traces. $295* 
Imagine the convenience of getting a hard copy print­
out of: Data. Intermediate results. Answers. Imagine 
the efficiency of listing an entire program at the push 
of a key. Or, printing the calculator's entire data 
memory contents with a simple program. And now 
imagine seeing every step of your program as it's 
executed -both the number and the function. Imag­
ine no more. TI's exclusive PC-100 printer is here. 

·U.S. suggested retail price, may vary elsewhere. 

TI's unique AOS t is more 
than just algebraic entry, 

It's a full algebraic hierarchy coupled 
with multiple levels of parentheses. 
This means more pending operations, 
and easy left-to-right entry of expres­
sions-of both numbers and func­
tions. Pending operations let you 
compute complex equations directly. 
For example, a seemingly simple cal­
culation like this: 

3 x [4 + (
7 
� �)J = 14.21311475 

contains five pending operations as 
it's written. A TI calculator with full 
AOS easily handles it just as it's 
stated, left-to-right. You don't have 
to rearrange the equation, or remem­
ber what's in the stack as with Re­
verse Polish Notation (RPN). 

tAlgebraic Operating System 

Compare the SR-52 & SR-56 with other programmables in their class. 
OperatinRcharacteristics SR-56 
Logic System ADS 
Maximum number of pending operations 7 
Parentheses sets 9 
Memories 10 

Store & recall • 
Clear memory • 

Sum/Subt to Memory • 

Mull/Div to Memory • 

Exchanoe displav with memory • 

Additional special memories 1 

Indirect memory addressing -
Exchange x with t • 

Fixed decimal option • 

Calculating digits 12 
Angular mode Deg/Rad • 

Grad anQular mode • 

Digits displayed (mantissa + exponent) 10 +2 

Be sure and send coupon to get your 16 page 
brochure and free preprogrammed magnetic card. 

Circle reader service number 201 

© 1976 Texas Ins1ruments Incorporated 

SR-52 
ADS 
10 
9 
22 
• 
• 

• 

• 

• 

38 
• -
• 

12 
• -

10 + 2 

Calculating characteristics SR-56 SR·52 Programming capability SR-56 SR·52 
Log, Inx • • Program steps 100 224 
10', e' • • Merged prefixes • • 

x', VX • • Program read/write on mag. cards - • 

I/X,1T • • Data read/write on mag. cards - . ' 
yx • • User defined keys - 10 
o/Y • • Possible labels - 72 
X! . ' • Absolute addressing • • 

Int X (integer part) • . ' Subroutine levels 4 2 
Fractional part • . ' Program flags - 5 
Trig functions & inverses • • Decrement & skip on zero (loop) • • 

Hvperbolic functions & inverses . ' . ' Conditional branching instructions 6 30 
Deg/min/sec to decimal deg & inverse . ' • Unconditional branching 3 7 
Deg to Rad conversion & inverse . ' • Indirect branching - • 

Polar to rectangular conversion Editing: Step, Backstep • • 

& inverse • • I nsert, delete - • 

Mean, variance & standard deviation • . ' NOP • -
'Prog rammable functions 

Single step execution • • 

Pause • -
TI has a free gift for you, See inside. 

TEXAS INSTRUMENTS 
65554 

INCORPORATED Printed in U.S.� 
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wave-semiconductor interactions," he 
recounts, "but very quickly lost interest 
in that type of research. Then through a 
series of lucky events I was introduced 
to the fascinating field of invertebrate 
neurophysiology, and to the analysIs of 
the electrical events in single nerve cells 
and small systems of nerve cells." He 
changed fields and completed his doc­
torate in neurophysiology in 1968. 
From 1967 to 1969 he was a junior re­
search fellow at Merton College, Ox­
ford. He moved to Canada and joined 
the -department of physiology at the 
University of Alberta in 1969. 

ROBERT P. KIRSHNER ("Superno­
vas in Other Galaxies") is assistant pro­
fessor of astronomy at the University of 
Michigan. He went to Michigan in Sep­
tember after two years as a postdoctoral 
fellow at the Kitt Peak National Obser­
vatory in Arizona. During that time he 
worked on problems related to super­
novas and supernova remnants, on the 
dynamics-of groups of galaxies and on 
the luminosity of galaxies with respect 
to their distance. He went to Kitt Peak 
in 1974 after receiving his Ph.D. from 
the California Institute of Technology, 
where he had gone in 1970 after be­
ing graduated from Harvard University. 
His article was written while he was at 
the Aspen Center for Physics. 

ALLAN M. CAMPBELL ("How Vi­
ruses Insert Their DNA into the DNA 
of the Host Cell") is professor of biolog­
ical sciences at Stanford University. He 
received his Ph.D. from the University 
of Illinois in 1953 and then was appoint­
ed instructor in bacteriology at the Uni­
versity of Michigan. In 1958 he went to 
the University of Rochester, where he 
became professor of biology; he moved 
to Stanford in 1968. In 197 1  he was 
elected to the National Academy of Sci­
ences and to the American Academy of 
Arts and Sciences. His research interests 
have all been in the area of microbial 
genetics, although they have not been 
confined to the particular problem of 
virus insertion. 

J. D. MACDOUGALL ("Fission­
Track Dating") is assistant professor in 
the Geological Research Division of the 
Scripps Institution of Oceanography at 
the University of California at San Die­
go. Born in Toronto, he obtained his 
bachelor's degree in geology at the Uni­
versity of Toronto in 1967. A year lat­
er he completed a master's d�gree at 
McMaster University by conducting a 
geochemical study in the Canadian Arc­
tic Islands and then went to Scripps. Af­
ter completing his Ph.D. in the earth sci­
ences he spent six months as a visiting 
fellow in geophysics at the Tata Institute 
of Fundamental Research in Bombay 
and two years at the University of Cali­
fornia at Berkeley. He returned to 
Scripps in 1974. 

Ca l l ed bv Modern Photography " t ilt' be<;(" t h e  Q u e<;(a r iOO IS u n i q u e  I n  

b r i n g ll lg  t o  t h e  te lephoto mMket J l e ll s  that  g u a ra n tees theoret i ca l o p t i ca l  

Number o t  E lements 4 '\nglc oJ ,\cceptann' 3' 25' 
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A whole generation 
grew up with it. 

27 years and 33 
million cars later, there's a 

whole new generation of Volks­
wagens. The 1977 Rabbit Dasher, and 

SciroCco. Three of the most remarkable cars 
ever built these Volkswagens feature highly ad­

vanced engineering. Such as fuel-injection. Front-wheel 
drive. Front-disc brakes. And precise rack-and-pinion steering. And now ... 

In economy, they're everything you would expect from Volks­
wagen. All three get 24 MPG in the city. Rabbit and Scirocco get 
37 MPG on the highway, Dasher gets 36. (EPA estimates with standard 
transmission. Actual mileage depends on how and where you drive, 
optional equipment and the car's condition.) 

A new generati 
for a new g���!cm 

Irs the first elegant automobile to come along with all the virtues of a 
Volkswagen. Conservative on the exterior. Extravagant on the interior. 

With plush upholstery. Fully reclining seats. Rich 
carpeting. And even a quartz-crystal clock. 

In performance, it can travel from 0 to 50 
in only 8.0 seconds. In safety, the 

Dasher has dual-diagonal brak­
ing circuits and negative steering 

�i=:ii.1r�iiraradius-which helps maintain direc­
tional stability in the event of a front tire blow­

out. What's more, the 
Dasher is available 

in a wagon as well 
as a sedan. 
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Rabbit. Hailed by 
automotive experts 
as the specific kind of 
car Detroit will be building in the 
1980's. Six years in the making, that 
car is ready now, when America needs 
it. Small outside. Big inside. With the rear 
seat folded down, it has more trunk space 
than some American cars twice its size. 
And from 0 to 60, it will out-accelerate a 
Jaguar XJ6-L* Room. Performance. Econ­
omy. It's more Volkswagen than you've 

tion of Americans. 
$cirocco. Irs the Volkswagen that people can't 
believe is a Volkswagen. It looks like an Italian 
sportscar because Italy's famous Giugiaro de­
signed it. And it performs like a German sportscar 

because it has a powerful fuel­
injected overhead cam en­

gine, standard radial tires, 
and a unique suspension 
system for incredible han­
dling. If ever there was any 

question about Volkswagen's qualifications on the 
race track, let it be known that Scirocco just won 
the 1976 Trans Am Manufacturers Championship 
for cars under two liters. 

The 1977 Rabbit Dasher, and Scirocco. 
A whole new generation. 

Because times have changed, 
America. 

And so have 
Volkswagens. 
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THE JOS. GARNEAU CO., NEW YORK, N.Y. ©1976. 

Washington's farewell at Fraunces Tavern may well 
have included Martell. 

1783, General Washington resigns 
his commission and asks Generals 
Lafayette and Rochambeau plus his 
closest officers and friends to 
Fraunces Tavern in New York, 
Here he will personally say farewell 

and thank them for.their loyalty. 
And what more appropriate way 

for devoted officers and friends 
to wish this great patriot well than 
with a glass of Martell Cognac. 
fur by 1783, Frenchman and 

American had long agreed, Martell 
was cognac unequalled. 

It still is. 

Martell. Taste history. 
vS.P.-vS.O.P'-CORDON BLEU. 
WORLD'S LARGEST-SELLING COGNACS. 
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The Pluralistic Economy 
of the u.s. 

One worker in three is employed in the not-for-profit sector. This 

fact calls into question some traditional conceptions of the economy 

and suggests new approaches to gaining a fuller understanding of it 

T
he nation has been through anoth­
er quadrennial election campaign 
in which voters were exhorted to 

preserve (or strengthen or revitalize or 
more equally distribute the fruits of) our 
private-enterprise system. Few truisms 
are so firmly implanted in the American 
consciousness as the notion that our 
economy is a private-enterprise one. 
The fact is that it is not. It is private and 
public. profit-making and not-for-profit: 
a pluralistic economy of private enter­
prise. nonprofit institutions and govern­
ment. Persistent failure to recognize this 
pluralism and to perceive the interrela­
tions of the economy's various elements 
clouds understanding of important eco­
nomic issues and makes it harder to deal 
with some current problems. 

More than 10 years ago Dale L. Hie­
stand. Beatrice G. Reubens and I be­
came convinced that the dominant pic­
ture of the U.S. economy as a private­
enterprise system was in need of revi­
sion. Even before we looked closely at 
the figures we surmised that the cumula­
tive growth of government-national. 
state and local-had permanently al­
tered the structure and functioning of 
the economy. and that the economy 
could no longer be encapsulated within 
a private-enterprise. profit-maximizing 
model. The main effort of our inquiry 
was to find the answer to one critical 
question: What proportion of the U.S. 
economy's output and employment was 
accounted for by activities outside the 
private. profit-oriented sector? Our con­
sidered answer was that about a fourth 
of the gross national product and no less 
than a third (and possibly as much as 
two-fifths) of the country's employment 
was generated by nonprofit institutions 

by Eli Ginzberg 

and government. which is to say by the 
not-for-profit sector. 

One might have expected such a find­
ing. published in 1965 in our book The 
Pluralistic Economy. to attract attention .. 
It did. but primarily abroad; it was 
largely ignored by economists and jour­
nalists at home. Foreign observers in 
both developed and developing coun­
tries had no difficulty absorbing the evi­
dence of the rapid growth of the not-for­
profit sector in the U.S. economy. They 
knew that their own governments 
played a dominant role in shaping their 
economies. and they had no reason to 
question the finding that government 
had come to play a critical role in this 
country too. Our colleagues at home 
preferred to ignore our findings rather 
than confronting them. Conservatives 
and liberals alike were comfortable with 
the old view that the private sector con­
tinued to dominate the American econ­
omy. the one group applauding and the 
other group criticizing that basic state of 
affairs. It was less disturbing intellectu­
ally and less threatening ideologically 
(regardless of the particular ideology) to 
reaffirm the conventional wisdom that 
the economy operates under market 
forces. with government's role limited 
to adjustments of the rules of the game 
and the distribution of rewards. 

Tittle has changed in the decade since 
L our book was published. Presidents 
Johnson. Nixon and Ford-and many 
other people-have continued to em­
phasize that "five out of six jobs" are 
based in the private sector. as if repeti­
tion and emphasis could alter arithme­
tic. What are the facts? Hiestand recent­
ly brought our 1963 data up to 1973. 

With total national employment in that 
year at 84.7 million. "general govern­
ment" employees came to 13.4 million 
(full-time-equivalent workers). That is 
the basis for the five-out-of-six refer­
ence. It makes no sense. however. to iso­
late direct government employment and 
call everything else private. The impor­
tant distinction is between the private. 
profit-seeking sector and the total not­
for-profit sector. 

To begin with. the private sector is not 
all that private. When the Federal Gov­
ernment buys missiles from Lockheed 
or naval vessels from Litton. workers 
employed in those companies' West 
Coast plants or Gulf Coast shipyards 
are classified as employees of the pri­
vate-enterprise sector. but no economist 
should be comfortable with such a des­
ignation. The wages those workers earn 
are paid for out of Federal Government 
funds. and their output is absorbed ex­
clusively by the Government. For years 
the Army has manufactured some of its 
ammunition in its own arsenals. whose 
workers have always been counted as 
Government employees. It is hard to see 
the logic of classifying those who work 
for defense contractors as belonging in 
the private sector any more than the ar­
senal workers belong in it. since their 
output is absorbed by government. 

This principle of classification ex­
tends far beyond defense. In seeking to 
draw realistic boundaries between the 
private and the not-for-profit sectors we 
believe all employment generated by 
government purchases of all kinds in the 
private sector must be counted as part of 
the not-for-profit sector. This can be 
done by converting the dollars govern­
ment spends on such purchases into 
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an equivalent employment figure. Hie­
stand's calculations for 1973 show gov­
ernment purchases from the private sec­
tor as amounting to 9.9 percent of the 
gross national prod uct. He calculates 
that this represents 8.4 percent of the 
total employment of 84.7 million, or 7. 1 
million workers. The combined direct 
and indirect employment of all govern­
ment in 1973, then, was 13.4 million 
plus 7. 1 million, or 20.5 million. About 
one American worker in four depends 
for his job on the activities of govern­
ment, directly or indirectly. 

Although government is the largest 
component of the not-for-profit sector, 
it is not the only one. The other signifi­
cant segment comprises the nonprofit 
institutions: churches, colleges, volun­
tary hospitals, labor unions, social orga­
nizations, special-interest associations 
and many more. Hiestand's calculations 
for 1973 show a total direct employ­
ment of five million in these nonprofit 
institutions, or 5.9 percent of total em­
ployment. Here as in the case of govern­
ment, however, one must take into ac­
count the purchases by nonprofit institu­
tions from the private sector in order to 
obtain a total view of the economic im­
pact of those institutions. Converting 
the purchases into employment adds an­
other 1.8 percent, giving the nonprofit 
institutions a total of 7.7 percent of U.S. 
employment. 

We are now in a position to derive a 
more realistic estimate of the role 
played by the entire not-for-profit sector 

EMPLOYMENT 

(MILLIONS) 

PRIVATE 
57.7 

(68.1%) 

in terms of employment. Government is 
responsible for 24.2 percent of U.S. em­
ployment and nonprofit institutions for 
7.7; the two add up to 31.9 percent. It 
would be desirable to add to that a small 
increment reflecting government or qua­
si-governmental employees in, for ex­
ample, the Postal Service, municipal 
hospital systems and state liquor stores. 
Those figures are obscured, however, 
because we are converting dollars of 
purchases into employment, and the De­
partment of Commerce includes such 
enterprises not in the government sector 
but in the business sector of its national­
income accounts! Even if they represent 
only a percent or two of total employ­
ment, it is clear that the not-for-profit 
sector as a whole is responsible for one 
out of three, rather than one out of six, 
American workers. A complementary 
picture in terms of dollars can be devel­
oped by calculating the total output of 
goods and services accounted for by 
government and nonprofit institutions 
as a proportion of the gross national 
product [see illustration below]. The larg­
er role of the not-for-profit sector in em­
ployment than in gross national product 
reflects two factors: a larger proportion 
of that sector's total expenditures goes 
to payrolls and below-average wages 
are paid by nonprofit institutions. 

The weight of this evidence is un­
equivocal. The American economy is 
much less private than either its defend­
ers or its critics have assumed. More­
over, one should note that government 

OUTPUT 

(BILLIONS 

transfer payments to or on behalf of in­
dividuals, such as food stamps or Medi­
caid payments to private nursing homes, 
are not included in national-income ac­
counts. Such transfers would add anoth­
er 3 to 5 percent to the not-for-profit 
sector's share of output and of equiva­
lent employment. 

A second critical question relates to 
the trend. Conservatives call for action 
to halt the rapid rise in government 
spending, which they consider to be the 
road to inflation and ruin. Through re­
course to linear extrapolation they insist 
that unless the trend is broken it will not 
be long until government controls most 
of the country's resources and output. 
(In the countries of Western Europe, on 
the other hand, there has been much less 
concern about the growth of the govern­
ment sector, at least until recently.) Hie­
stand has looked at the U.S. trend since 
1929. In that year the not-for-profit sec­
tor accounted for about 15 percent of 
total employment and 12.5 percent of 
output. In terms of either measure, em­
ployment or share of the gross national 
product, the increase through the De­
pression years and World War II was 
gradual; the most striking advance for 
the not-for-profit sector came in the 
1950's. There was some additional 
growth in the 1960's, but it was much 
slower. And in the early years of this 
decade there was a slight decline. 

The analysis up to this point has as­
sumed that there is a clear-cut differenti­
ation between the private profit-seeking 

OF DOLLARS) 
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�$1 48 �/ (11.5%) 

$128 
(9.9%) 

PRIVATE 
$955 
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TOTAL EMPLOYMENT, 1973: 84.7 MILLION 

NOT-FOR-PROFIT SECTOR of the U.S. economy (color) is com­
posed of Federal, state and local governments and nonprofit institu­
tions. In terms of both employmeut (left) and output, or gross nation­
al product (right), the not-for-profit sector has both a direct role (dark 
color) and an indirect role (light color). The direct role is measured 

TOTAL OUTPUT, 1973: $1,295 BILLION 

in terms of the direct employment and payrolls of governments and 
nonprofit institutions; the indirect role is played by their purchases 
from nominally private enterprises and by the equivalent indirect 
employment. The total share of the not-for-profit sector is 31.9 per­
cent of employment and 26.3 percent of the gross national product. 
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sector and the not-for-profit one. A 
more sensitive delineation of the bound­
aries of the profit-seeking arena would 
have to take note of the fact that several 
of the nation's largest industries operate 
under government controls that con­
strict their freedom with respect to both 
prices and profits. At a minimum one 
would have to consider as something 
less than completely private those enter­
prises engaged in transportation, com­
munications and the production of pow­
er. In 1974 they accounted for approxi­
mately 4.7 million employees, or about 
5 percent of the total employment, and 
they contributed 1 1  percent of the total 
gross national product. There is no point 
in exploiting the data further to expand 
the "controlled" sector, except perhaps 
to note that three additional industries­
agriculture, banking and insurance-op­
erate at least in part under price and 
profit controls. 

The heated political debate on the rel­
ative sizes of the private sector and 

the public one is frequently conducted 
with such slogans as "the market" v. 
"economic planning" or, in their more 
extreme form, "capitalism" v. "social­
ism." Less emotionally charged terms 
are more appropriate. Potent factors 
have been operating to enlarge the not­
for-profit sector. Among the most im­
portant has been the much enlarged role 
of the Federal Government since World 
War II in defense and in defense-related 
areas such as space, atomic energy and a 
broad range of research-and-develop­
ment activities. More recently the ex­
panding Federal commitment in educa­
tion, manpower and health has also 
been a potent factor. 

Yet the fastest-growing sector of gov­
ernment, particularly in terms of em­
ployment, has not been the Federal 
Government at all but state and local 
government. These jurisdictions were 
forced to respond to the demands of an 
expanding population for improved 
services in such fields as education, 
health and welfare and for such conven­
tional services as police and fire protec­
tion and sanitation. In terms of person­
nel, state and local governments have 
been the most rapidly expanding sector 
of the American economy. In 1950 their 
total employment was 4.3 million; in 
1974 it came to 11.8 million, an increase 
of 174 percent. Total employment in the 
same period increased by only 46 per­
cent. Many of the same forces that stim­
ulated the growth of government were 
also responsible for the relatively rapid 
growth of nonprofit institutions, partic­
ularly in higher education and hospitals. 

Those who see the growth of the not­
for-profit sector primarily as an ideolog­
ical issue fail to appreciate the extent to 
which it reflects the inability of the pri­
vate sector to respond to priority needs 
and desires of the American people. One 
can argue about whether or not the U.S. 
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GROWTH OF NOT-FOR-PROFIT SECTOR has not been at a steady rate. The most strik­
ing advance in share of employment (black curve) and of gross national product (gray curve) 
was in the 1950's. Between 1970 and 1973 there was a small decrease in the sector's share. 

overreacted to the threat of Russian ex­
pansion, but once the threat was defined 
as being serious it was inevitable that the 
nation's defense and defense-related ex­
penditures would increase. Similarly, 
ideology has had very little to do with 
the desire of the public for improved 
access to higher education and health 
services. It took many years for the 
health reformers to overcome the oppo­
sition of the American Medical Associa­
tion, but the eventual passage of Medi­
care in 1965 was effected by broad­
based political support. 

Once the American people had made 
choices for strong defense, more access 
to higher education and improved medi­
cal care, the die was cast in favor of an 
enlarged role for the not-for-profit sec­
tor. Moreover, there was no way for the 
nation to accommodate its rapidly rising 
population and the irrepressible de­
mand for a suburban way of life unless 
all levels of government expanded. The 
growth of the not-for-profit sector was 
inevitable because the goods and ser­
vices that a more affluent America want­
ed could not be provided by private-sec­
tor entrepreneurs operating through the 
market. Important as the private sector 
has been in stimulating the growth of the 
economy, there is no way to read our 
recent history without recognizing the 
strategic part government and nonprofit 
institutions have played in providing 
new entrepreneurial structures for meet­
ing new needs and desires of the public. 

The focus on defense, education and 
health provides a background to one 

of the most important economic trans­
formations now under way: the growth 

of the service economy. The full details 
and implications of this transformation 
have still not been adequately examined 
or assessed. One simple way to gauge its 
scale is to compare the four goods-pro­
ducing industries-agriculture, mining, 
manufacturing and construction-with 
all other activities, which are conven­
tionally grouped under the heading of 
services [see illustration on next page]. 

Almost the entire growth in post­
World War II employment has been in 
the service sector. Among the goods­
producing industries only construction 
shows any sizable increase. Agriculture 
declined by more than half, from some 
7.6 to 3.5 million; mining declined by 
approximately a third, from 955,000 to 
672,000; manufacturing-the backbone 
of the economy-showed only a small 
absolute increase: approximately a 
third, from 15.6 to 20 million, which 
meant that its share of total employ­
ment dropped from about 27 percent to 
21 percent. In terms of contribution to 
the gross national product the relative 
decline of the goods-producing sector 
was less steep. Between 1950 and 1974 
manufacturing actually registered a 
small increase in its share of output: in 
1950 that share was 29.7 percent and in 
1974 it was 30.8 percent. 

The rapid growth of services and their 
newly acquired dominance in the expan­
sion of employment, along with the bias 
toward commodity transactions that is 
inherent in economic analysis, guaran­
tee that many efforts to diagnose eco­
nomic ills and to devise new programs 
are doomed to error and frustration. A 
few illustrations will make this clear. 

There has recently been much com-
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ment in Washington and among cap­
tains of industry about a disastrous 
decline in the productivity of the Amer­
ican economy and the danger such a 
decline presents to our international 
competitive position and our long-run 
economic well-being. People have also 
sought to explain the fact that our rate 
of growth is slower than, say, Japan's by 
arguing that we devote too much of our 
income to consumption and too little to 
saving and investment. That we save 
and invest proportionately less than Ja­
pan is true, but the productivity-growth 
argument has a further dimension that is 
related to the size of the government 
sector in the two countries. By conven­
tion the output of the larger U.S. gov­
ernment sector is measured in terms of 
the inputs: the dollars spent for payrolls 
and other purposes, which are assumed 
to equal the value of the services provid­
ed. Hence there is no way for this large 
sector to contribute to an increase in to­
tal productivity. National-income ac­
counting practices force the much-re­
duced private sector to carry the entire 
burden of registering productivity gains. 

The difficulties run deeper than that, 
however. The key to service output is 
quality, not quantity. For example, be-' 
fore there were antibiotics people with 
severe infections often died and others 
required weeks or months of care before 
they recovered. Today such patients are 
often cured within a few days by one 
injection or a series of them. The nation­
al-income accounts do not reflect the 
improved quality of medical care or of 
other services. We measure the gains in 
productivity in the manufacture of tele-
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vision sets but assume that the quality of 
programming remains the same. 

The burden of these few illustrations 
is to argue the case that the shift from 
goods production to services, a cause 
and a concomitant of the growth of the 
not-for-profit sector, has fundamentally 
distorted our system of national ac­
counts, has complicated our ability to 
locate points of weakness in our eco­
nomic system and has compounded the 
difficulties of designing effective solu­
tions. 

W
e are still at an early stage in our 
ability to differentiate among the 

component parts of the service sector, 
which in 1974 accounted for two-thirds 
of total employment and $534 billion of 
output. People tend to think in terms of 
consumer services, from medical care to 
hairdressing. There has also been large 
growth in the producer services: the 
services, such as trucking, advertising, 
law, management consulting and com­
puting and all the rest, that support the 
profit-making activities of the business 
sector. It is surprising that Harry 1. 
Greenfield's 1967 book Manpower and 
the Growth 0/ Producer Services was the 
first serious consideration of the role of 
those important services in economic 
development. My colleagues and I in 
our ongoing studies of New York City 
(which is overwhelmingly a service 
economy, with more than 80 percent of 
total employment in the service sector) 
stress that the city's future depends less 
on attracting back some of the manufac­
turing firms that have left it than it does 
on retaining and strengthening its com-
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SHIFf TO SERVICES accompanied the growth of the not-for-profit sector, The share of the 
goods-producing industries (agriculture, mining, manufacturing and construction) in total em­
ployment (left) and output (right) decreased over a quarter of a century (gray). The share of 
the services (trade, government, transportation, utilities, finance and others) increased (color). 
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plex of corporate headquarters and the 
advanced services-banking, legal. ac­
counting, communications, public rela­
tions-that are linked together and mu­
tually support one another and the cor­
porate headquarters. 

It is no sign of disrespect to point out 
in this bicentennial year of the publica­
tion of Adam Smith's The Wealth 0/ Na­
tions that economists, politicians and 
journalists are caught up in a Smithian 
fallacy. Smith argued that the test of 
productive labor was whether the work 
resulted in material output: a physical 
representation of the time and effort ex­
pended. In short, the craftsman who 
builds a violin is productive but Heifetz 
and Menuhin are not; the manufacturer 
of a scalpel is productive, but not the 
surgeon who excises a tumor and there­
by saves a life. 

Smith wanted to emphasize an impor­
tant point. He was concerned by the fact 
that, as he saw it, a great many people 
were being "kept." He included the ex­
traordinarily large number of house­
hold retainers, bureaucrats whose sole 
activity was to get in the way of ambi­
tious businessmen, members of the 
court and other supernumeraries. In 
Smith's view such people contributed 
nothing to the growth of the economy. 
Today only a dyed-in-the-wool Keynes­
ian (who would prefer to have govern­
ment pay men to dig holes than to have 
them idle) would challenge him. In striv­
ing after the distinction between pro­
ductive and unproductive labor, how­
ever, Smith pressed too hard and went 
too far. And many who came after him 
absorbed his prejudice without appre­
ciating the particular distinction he was 
trying to make. 

There have been several important 
manpower concomitants to the rap­

id growth of the not-for-profit and ser­
vice sectors of the economy. The services 
have facilitated the rapid growth of fe­
male employment. Between 1950 and 
1974 the civilian employment of males 
16 years and over increased from 4 1.6 to 
5 2.5 million, or by approximately 26 
percent. During the same period the 
number of female workers employed in­
creased from 17.3 to 33.4 million, or by 
93 percent: three and a half times as 
much. 

Not only did the number of new job 
openings available to women increase 
but also the services were more able to 
offer less-than-full-time employment, a 
schedule of work that both the employ­
ers and many women preferred. This ac­
commodation was not all gain, to be 
sure: it meant that many women work­
ers were not able to obtain desirable 
full-time jobs with fringe benefits, secu­
rity and opportunity for career devel­
opment. Whereas many women found 
what they wanted-work that was not 
too demanding and gave them an oppor­
tunity to supplement their family in-
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SHIFTS IN EMPLOYMENT reflect the enlargement of the not­
for-profit sector, in which services predominate. Here the increases 
in employment from 1950 to 1974 are given for several categories. 
Whereas total employment increased 46 percent in that time, male 

employment rose less than that and female employment rose more. 
The shift to services brought a large increase in professional and tech­
nical jobs. Federal Government jobs increased less than total employ­
ment, whereas employment by state and local governments soared. 

come and to get out of the home-many 
others who were the head of a family or 
who had strong career drives were hard­
pressed to find suitable job and career 
openings. 

The rapid expansion of service em­
ployment also opened up many oppor­
tunities for part-time or intermittent 
work for young people whose main ac­
tivity was pursuing their education. The 
period after World War II witnessed a 
rapid expansion in postsecondary edu­
cation supported in no small measure by 
the enlarged earning opportunities that 
were opened up for students in a broad 
array of service industries. 

One of the striking consequences of 
the increase in the proportion of women 
and of students employed and in the la­
bor force was the extent to which the 
prototype of a worker as a person em­
ployed full time for the full year from 
young adulthood until retirement no 
longer fits the American scene. As Dean 
Morse pointed out some years ago in 
The Peripheral Worker, of all people 
who work during the course of a year 
almost 45 percent are employed less 
than full time for the full year; only 55 
percent fit the stereotype of the conven­
tional worker. Even if the calculation is 
shifted from the number of workers to 
the total work performed, one finds that 
about 30 percent of all work is per­
formed by those who are not full-time 
workers. 

Another important manpower con­
comitant of the recent expansion of 
services has been the substantial growth 
of professionals, in education, health, 
management, science, engineering and 
many other fields. For two and a half 
decades, from 1945 to 1970, the econo­
my was able to absorb the increasing 

output of the colleges, graduate schools 
and professional schools with no serious 
evidence of any weakening in demand. 
In part this balance reflected the rela­
tively long time required to expand the 
structure of higher education and to fill 
the pipeline. In part it reflected the en­
larged expenditures by government for 
research and development, which creat­
ed a new market that absorbed many of 
the newly trained specialists. By 1970, 
however, the supply had overtaken the 
demand, and since then the outlook for 
educated manpower has appreciably 
worsened, particularly for people with 
degrees in the humanities. 

I
n my view there is a strong linkage 

among the followirig: the growth of 
the not-for-profit sector, the substantial 
increase in educated manpower, the rap­
id growth of the advanced services and 
the generally good record of perform­
ance of the American economy. To the 
extent that these developments are inter­
related-and it is difficult to see how 
they could not be-we find confirmation 
for the basic thesis on which the plural­
istic economy of the U.S. is based. It is 
not simply the growth of the not-for­
profit sector that is critical. It is rather 
the new articulations between the not­
for-profit sector and the private sector 
based on the principle of complemen­
tarity. The prosperity of the automotive 
industry has long depended on an ex­
panding national highway system. Simi­
larly, the argument can be made, the 
research-based and science-based indus­
tries and advanced services that contin­
ue to provide the frontiers of the econo­
my-from more powerful computers to 
strengthened capital markets-depend 
on the trained manpower produced in 

the colleges and universities based in the 
not-for-profit sector. To discuss the not­
for-profit sector as a profligate spender 
of scarce resources without reference to 
its critical contribution to enlarging the 
wealth and welfare of the American 
economy and society may arouse enthu­
siasm among certain components of the 
body politic, but it is not likely to win 
much favor or have .much influence on 
public policy, even among a people that 
considers its tax burden onerous. 

A society can act more intelligently if 
it has a clearer perception of the nature 
and functioning of its basic institutions. 
This article has sought to provide a few 
modest clarifications, which I shall sum­
marize. 

The U.S. economy, while still depen­
dent on a large and vigorous private sec­
tor, is in fact a pluralistic economy in 
which the not-for-profit sector accounts 
for one in every three jobs. 

With the goods-producing industries 
accounting for an ever smaller part of 
the nation's output and employment, it 
is critically important that we abandon 
simplistic reliance on a manufacturing 
model and deepen our understanding of 
the role of services in the production of 
wealth and welfare. For example, con­
cern about the slow growth of produc­
tivity may or may not be justified, but 
nobody really knows whether it is be­
cause we have not learned how to mea­
sure productivity in the services. 

The foundation for an advanced ser­
vice economy is trained manpower. This 
manpower is educated in the not-for­
profit sector. thereby establishing the 
principle of complementarity between it 
and the private sector and illustrating 
the interdependence of the various ele­
ments of our pluralistic economy. 
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The Reprocessing of Nuclear Fuels 
The economics of fission power would be Inuch improved if spent fuel 
were processed to remove fission products and plutonium and reclaim 
uranium. The industry needed for the task does not yet exist in the u.s. 

Nineteen years after the first 
American nuclear power sta­
tion went into service at Ship­

pingport. Pa .. the U.S. still has no com­
mercial facility licensed to recover plu­
tonium and unburned uranium 235 
from the spent fuel of nuclear power 
reactors. Only one private plant was 
ever licensed to operate. and it was shut 
down in 1972 for modifications and en­
largement. Its owners. Nuclear Fuel 
Services. Inc .. of West Valley. N.Y .. 
have since withdrawn their application 
for a license to reopen. Between 1966 
and 1972 the plant reprocessed some­
what less than 650 tons of spent fuel. In 
Barnwell County. S.C .. the separation 
facilities of a $500-million reprocessing 
plant with a capacity of 1.500 tons per 
year. owned by Allied-General Nuclear 
Services. were completed about a year 
ago. The owners are awaiting a Nuclear 
Regulatory Commission license. which 
in turn hinges on Government decisions 
on waste storage and on rules governing 
the utilization of recovered plutonium. 
Britain. France and several other coun­
tries reprocess spent fuel from nuclear 
power reactors in government facilities. 
but that is not the policy in the U.S. As a 
result the spent fuel from the nation's 62 
operating fission power reactors has 
been piling up at repository sites. The 
current inventory is now about 2.500 
metric tons. 

Unlike coal. the fissionable fuel of 
a nuclear power reactor cannot be 
"burned" until all that is left is an essen­
tially worthless and innocuous ash. The 
fresh fuel for American power reactors 
usually contains between 2.5 and 3. 5 
percent of the fissionable isotope urani­
um 235. having been enriched from the 
natural value of .7 percent uranium 235 
by the gaseous-diffusion process. The 
remainder of the uranium in the fuel 
(and in the natural ore) is almost entirely 
the nonfissionable is-otope uranium 238. 
When the nuclei of uranium 235 fission 
in the reactor. they give rise to a great 
variety of radioactive products. many of 
which act as fission "poisons" by ab­
sorbing the neutrons needed to keep the 
chain reaction going. By the time the 
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uranium-235 content of the fuel has de­
creased to about 1 percent. the com­
bined effects of depletion and by-prod­
uct poisoning make it necessary to re­
place the fuel. 

In addition to uranium 235 the spent 
fuel contains between . 7 and 1 percent 
of plutonium 239. synthesized from ura­
nium 238 by the absorption of a neu­
tron. Plutonium 239 is even more fis­
sionable than uranium 235. and the 
Federal Government is now deciding 
whether or not to approve the use of 
reactor fuel containing a mixture of the 
two nuclides. The fissionable material 
recovered from the spent fuel of three 
reactors is sufficient to fuel a fourth. The 
economics of the nuclear power indus­
try will be strongly influenced by the de­
cision that will allow or not allow the 
use of recycled. mixed fuels. 

At the moment a reactor is shut down 
its spent fuel contains some 450 synthet­
ically produced nuclides. including ura­
nium 237 and neptunium 239. which de­
cay into neptunium 237 and plutonium 
239. The methods for chemically sepa­
rating plutonium from uranium and its 
fission by-products were developed dur­
ing World War II to provide highly puri­
fied plutonium for atomic bombs. Plu­
tonium 239 was separated from the un­
enriched metallic uranium that served 
as the fuel of the Manhattan District 
reactors at Hanford. Wash. The heat 
from the reactors was discarded in the 
cooling water. and initially only the plu­
tonium was recovered. 

Uranium. neptunium and plutonium 
are members of the actinide series 

of elements. whose chemical properties 
are similar to those of the lanthanide 
series of rare-earth elements. Some 
months before Enrico Fermi and his co­
workers demonstrated that plutonium 
could be made by a chain reaction in a 
uranium pile Glenn T. Seaborg and his 
colleagues had separated and purified 
several micrograms of pure plutonium 
metal that had been created by the bom­
bardment of uranium in cyclotrons. The 
early studies revealed that pi utonium 
had chemical properties that varied with 

its oxidation state and that could thus 
be exploited for separation processes. 
Those useful properties included the 
solubility of plutonium phosphates and 
fluorides in aqueous solutions (com­
pared with the insolubility of the phos­
phates and fluorides of fission products) 
and the fact that certain plutonium ions 
could be extracted with organic sol­
vents. 

The fission products are isotopes of 
elements ranging in atomic number 
from 30 (zinc) to 66 (dysprosium). Most 
of them are radioactive. with half-lives 
that range from less than a second to 
thousands of years. The fission products 
are the chief source of the heat and radi­
ation from spent fuel. Only a dozen or 
so combine intense radiation and long 
half-life with chemical and physical 
properties that are troublesome in re­
processing or in the ultimate disposal of 
wastes. 

The first step in the treatment of spent 
nuclear fuel is to store it for several 
months in water-filled pools at the nu-. 
clear power station. During this period 
the radioactivity and the evolution of 
heat decrease by a factor of about 
10.000. For example. the radioactivity 
of iodine 13 1. which has a half-life of 
8. 14 days. decreases by a factor of be­
tween 3.000 and 30.000. Indeed. iodine 
13 1 is the chief determinant of how long 
the fuel is allowed to cool: the decay of 
the volatile element removes it as a 
problem in reprocessing. 

The designers of the chemical separa­
tion plants at Hanford recognized that 
the technological innovations required 
for conducting chemical operations by 
remote control behind thick concrete 
walls were demanding enough without 
trying to achieve such niceties as the op­
timization of the process. They chose 
the simple batch operations that had 
been developed by Seaborg for working 
with microgram amounts of plutonium. 
Briefly. the uranium rods were first dis­
solved in acid. leaving an aqueous solu­
tion in which plutonium ions were ex­
tremely dilute. Bismuth and lanthanum 
were added as "carriers." so that when 
bismuth phosphate and lanthanum fluo-
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WORLD'S LARGEST REPROCESSING PLANT for recovering 
uranium and plutonium from tbe spent fuels of nuclear power reac­
tors is tbe Windscale plant at Seascale on tbe west coast of England. 
Tbe facility was originally built to reprocess uranium from Britain's 
first plutonium-production reactors, wbicb are barely visible in tbe 
distance. Tbe multistory building witb tbe tallest stack is tbe original 
plutonium-extraction facility. Its beigbt was needed so tbat process 

OPERATING FLOOR AT WlNDSCALE supports rows of motors 
tbat turn tbe agitators of "mixer-settlers," multistage borizontal cbam­
bers tbat perform tbe same function as extraction columns in bringing 
organic and aqueous solutions into intimate contact (see illustration on 

streams of organic and aqueous solutions could How countercurrently 
by gravity througb extraction columns. Tbe special railroad cars in 
tbe foreground are delivering spent nuclear fuel from power stations 
operated by tbe United Kingdom Central Electricity Generating 
Board. Tbe Windscale plant, operated by Britisb Nuclear Fuels Ltd., 
a government-owned corporation, can process 2,000 to 2,500 tons of 
fuel per year, and bas processed fuels from several otber nations. 

page 35). Tbe plant operators are sbielded by a thick concrete Hoor 
from tbe intense radiation in tbe mixer-settlers below. All equipment 
tbat may require repair or replacement is located above tbe Hoor. 
Tbe mixer-settler cells tbemselves were designed never to be entered. 
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ride were subsequently precipitated out. 
they would carry with them plutonium 
phosphate and plutonium fluoride in 
quantities of precipitate large enough to 
separate. By repeated dissolutions and 
precipitations. with intervening changes 
in oxidation state. plutonium was sepa­
rated from uranium and fission prod­
ucts. Simple tanks were used for the dis­
solutions and precipitations; centrifuges 
were used for separating the precipi­
tates. 

The processes worked well and safely. 
without any significant damage to the 
health of workers or to the environment. 
Removal of the fission products was effi­
cient. and more than 95 percent of the 
plutonium was recovered. Operating ca-

AQUEOUS SOLVENT 
STREAM STREAM 

PLUTONIUM 
---- URANIUM 

----.. -- ------- FISSION PRODUCTS 
---- ---- NONRADIOACTIVE 

I 

pacity so far exceeded expectations that 
of four chemical-separation buildings 
planned only three were built and only 
two were operated. Uranium was not 
recovered. and the volume of waste was 
large because of the bismuth phosphate 
and lanthanum fluoride that had been 
added. Considering how long it takes to 
design and construct nuclear power fa­
cilities today it seems almost unbeliev­
able that barely two and a half years 
elapsed between the initial demonstra­
tion of the chain-reacting pile on De­
cember 2. 1942. and the explosion of the 
first plutonium bomb on July 16. 1945. 

The important legacy of Hanford to 
the nuclear-fuel-reprocessing indus­

try was the concept of remote operation 
and maintenance. together with the in­
novations of engineering design that 
were needed to implement it. The build­
ings were long. thick-walled concrete 

FIRST CYCLE 
I I 

structures that enclosed the "canyons." 
or process spaces. The piping was em­
bedded in the walls and ended in con­
nectors precisely located at standard po­
sitions on the inside and near the top of 
the canyons. It was connected to the 
process equipment by accurately made 
jumpers that could be installed and re­
moved by cranes that traveled the length 
of the canyons on rails. The crane oper­
ator. protected by heavy shielding and 
observing his tasks through a periscope. 
could remove and reinstall any of the 
equipment by using impact wrenches to 
manipulate the connectors at the ends of 
the jumpers. All liquids were trans­
ferred either by gravity or by steam-jet 
ejectors. Ingenious gang valves were de­
veloped to ensure that the steam lines 
were purged with air so that condensa­
tion could not suck radioactive solu­
tions out of the shielded spaces. 

After the war a major effort was 
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PUREX PROCESS for recovering uranium and plutonium from tbe 
spent fuel of power reactors employs TBP (tributyl pbospbate) dis­
solved in a kerosenelike bydrocarbon as tbe separating agent. Wben 
uranium and plutoniulR ions are in a bigbly electron-deficient state, 
tbat is, are higbly oxidized, tbey are more soluble in tbe TBP-bydro­
carbon solution tban tbey are in an aqueous solution. Under tbe same 
conditions tbe bundreds of radioactive by-products created wben 
uranium-235 atoms fission in a reactor are more soluble in a strongly 
acid aqueous solution tban in tbe organic one. Tbis simplified dia­
gram sbows seven vertical columns in whicb organic and aqueous so­
lutions are forced to travel countercurrently in intimate contact, so 
tbat substances more soluble in one solution tban in tbe otber can be 
efficiently separated. Tbe feed mixture entering tbe first extraction 
column is tbe spent fuel in aqueous solution. In addition to tbe bigbly 
radioactive by-products it typically contains about 1 percent of unfis-
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sioned uranium 235, more tban 90 percent of tbe nonfissionable iso­
tope uranium 238 and between .5 and 1 percent of mixed plutonium 
isotopes, primarily plutonium 239 and plntonium 240, tbe first pro­
duced from uranium 238 by tbe capture of a neutron and tbe second 
from plutonium 239 by tbe capture of anotber neutron. Tbe urani­
um ions are in a bigbly oxidized state, deficient in six electrons (U 6+); 
tbe plutonium ions are deficient in four electrons (Pu4+). Tbe aqueous 
feed enters tbe first extraction column near tbe middle; tbe TBP sol­
vent enters at tbe bottom. Tbe uranium and plutonium are extracted 
by tbe upflowing solvent; tbe fission products are "scrubbed" out of 
tbe solvent by tbe downflowing aqueous stream of nitric acid and 
leave from tbe bottom of tbe column. Tbe uranium-plutonium mix­
ture passes to tbe second, or partitioning, column, wbere tbe plutoni­
um is "stripped" out of tbe solvent by countercurrent contact witb 
nitric acid tbat contains a reductant tbat reduces tbe plutonium to 
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launched to develop technically superi­
or processes that could operate continu­
ously rather than in batches and that 
could recover both uranium and pluto­
nium with high yields. Solvent extrac­
tion received the most attention because 
it had previously been successfully ap­
plied to the purification of uranium. In 
solvent extraction aqueous and organic 
solutions flow in opposite directions 
(countercurrently) through a column or 
some other kind of mixing chamber that 
disperses one of the solutions in small 
droplets through the other. In the sol­
vents that were used hexavalent uranyl 
ions, (U02)++, and plutonyl ions, 
(PU02) + +, together with tetravalent plu­
tonium ions, Pu4+ (plutonium atoms 
from which four electrons have been re­
moved), are soluble, whereas trivalent 
plutonium ions, Pu3+, and fission-prod­
uct ions are not. Thus the solvent can 
extract the uranium and plutonium (in 
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the 3 + state (Pu3+), makiug it insoluble in 
the organic solvent. Simultaneously up/low­
ing solvent scrubs the last traces of uranium 
from the aqueous solution of plutonium, which 
leaves from the bottom of the partitioning col­
umn. In the third, or stripping, column the 
uranium is removed from the organic solvent 
by dilute nitric acid. In the second uranium and 
plutonium cycles the extraction and stripping 
are repeated separately. In passing through the 
system, particularly in the first cycle, solvent 
is somewhat degraded by intense radiation 
and by chemical attack. Degradation prod­
nets, along with traces of fission products, are 
removed from solvent with alkaline solutions. 

its highly oxidized forms) from the 
aqueous feed solution, which retains 
most of the fission products. In separat­
ing the plutonium from the uranium the 
plutonium is reduced to the trivalent 
Pu3+, making it insoluble in the solvent, 
which then contains all the uranium. 

This play on oxidation states gave rise 
to the name Redox for the first solvent­
extraction process to be applied on a 
large scale. The Redox process, with 
Hexone (methyl isobutyl ketone) as the 
organic solvent, was put into operation 
at Hanford in 195 1. Later processes 
with other solvents exploited the same 
oxidation-reduction cycle. To force the 
highly oxidized ions of uranium and 
plutonium into the solvent high concen­
trations of nitrate ions are needed. In 
most chemical processing nitric acid is 
used to supply nitrate ions. Since the 
Redox solvent Hexone is decomposed 
by high concentrations of nitric acid, 
however, aluminum nitrate was used 
instead. This added greatly to the quan­
tity of highly radioactive waste. Hex­
one also had the disadvantage of being 
highly volatile and flammable. 

Shortly after the war the British built 
production reactors and a separation 
plant at Wind scale in Cumbria. As 
an extraction solvent they chose Butex 
(/3,/3' dibutoxy diethyl ether). Butex is 
chemically stable in strong nitric acid, 
making it unnecessary to resort to alu­
minum nitrate. It is also denser and less 
volatile than Hexone, but it is more ex­
pensive. In the early 1950's, when the 
U.S. built a major new plant for produc­
ing plutonium and the hydrogen isotope 
tritium on the Savannah River near Ai­
ken, S.C., tributyl phosphate (TBP) was 
selected for the solvent-extraction proc­
ess. When TBP is dissolved in a kero­
senelike solvent, it is chemically even 
stabler than Butex, is cheaper than Hex­
one and gives better separations than ei­
ther. The TBP, or Purex, process is now 
used in all reprocessing plants. 

The Purex process comprises three 
cycles of extraction with TBP. Extrac­
tion is preceded by a "head end" step in 
which the spent fuel is dissolved and the 
solution is clarified, a process that varies 
with the nature of the fuel and the clad­
ding of the fuel rods. At the Savannah 
River Plant, where the reactors are fu­
eled with natural uranium metal clad in 
aluminum, the cladding material is re­
moved by dissolving it in an aqueous 
solution of sodium hydroxide and sodi­
um nitrate. The uranium oxide elements 
that fuel all American power reactors 
are encased in long, slender tubes made 
either of stainless steel or of the zirconi­
um alloy Zircaloy. Such rods are pre­
pared for processing by chopping the 
tubes into short sections and dissolving 
out the oxide ("chop-leach"). (Chemical 
and electrochemical dissolution of the 
oxide fuel rods has been demonstrated, 
but it calls for process equipment made 
of alloys that are highly resistant to cor-

rosion and adds to the volume of liquid 
wastes.) The solutions from the head­
end dissolvers are usually centrifuged to 
remove finely divided solids that would 
interfere with the solvent extraction. A 
substance such as manganese dioxide is 
sometimes precipitated to help clarify 
the solution and carry down some of the 
fission prod ucts. 

When the separated uranium and 
plutonium streams emerge from 

the Purex process, they contain only 
about a millionth as much radioactivity 
due to fission products as the feed mate­
rial did. At this low level of radioactivi­
ty the prod ucts in the two streams can be 
purified further and converted into the 
preferred final forms by fairly conven­
tional chemical operations with rela­
tively little radiation shielding. Evapo­
ration, ion exchange, adsorption, pre­
cipitation and calcination have all been 
employed at one time or another. In the 
Government plants plutonium is re­
duced to the metallic form needed for 
weapons. If plutonium is ever used as 
fuel in nuclear power plants, plutonium 
oxide would be the preferred form, as is 
uranium oxide (U30a). If the uranium is 
to be returned to the gaseous-diffusion 
plants for reenrichment, it is converted 
into uranium hexafluoride (UF6), which 
is a gas at room temperature. Largely 
because of the differences between fuel 
forms two different practices have been 
adopted with regard to wastes. The 
wastes at Hanford and Savannah River 
are made strongly alkaline; this makes it 
possible to store them in tanks of carbon 
steel. which are placed in underground 
concrete vaults. Power-reactor wastes 
are concentrated in acid form and thus 
call for stainless-steel tanks. 

The Purex process, with some modifi­
cation, also lends itself to reprocessing 
the spent fuels from reactors using high­
ly enriched uranium (such as the reac­
tors of nuclear submarines) in which 
only traces of plutonium are formed. 
The chemical processing plant at the 
Idaho National Engineering Laboratory 
near Idaho Falls, Idaho, reprocesses the 
fuels from naval propulsion reactors 
and from research reactors of various 
kinds. The Idaho reprocessing plant dif­
fers markedly from the units at Hanford 
and Savannah River in being designed 
for direct (as opposed to remote) main­
tenance. The process equipment must 
be chemically decontaminated inside 
and out to allow men to enter the cells 
for repairs and replacements. 

The efficiency of the Purex process de­
pends heavily on the design of the 

solvent-extraction apparatus in which 
two immiscible liquids, one aqueous 
and one organic, are brought into inti­
mate contact and then cleanly separat­
ed. This is done in an apparatus called a 
contactor. The simplest apparatus for 
countercurrent solvent extraction is the 
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packed column, a vertical tube usually 
fitted with metal or ceramic rings that 
break up the liquid phases and direct 
them into tortuous paths through the 
column. The lighter organic solution 
flows up through the column as the 
heavier aqueous solution flows down. In 
such a column the mixing is not vigor­
ous and the flow rates are low. As a re­
sult the column must be very tall to 
achieve a good separation, which com­
plicates a plant that/must be heavily 
shielded and must avoid the use of 
pumps. When packed columns were in-' 
stalled for the Butex process at Wind­
scale, the result was a process building 20 
stories high (with the fuel dissolver at 
the top) to allow the radioactive streams 
to flow downward by gravity. 

The effectiveness of the extraction 
column can be greatly increased and its 
height can be reduced by "pulsing," so 
that the phases are drawn back and forth 

SOLVENT OUTLET 

through perforated plates as they pass 
through the column. The pulsing can be 
done either by means of a piston or by 
applying air pressure to an external 
chamber. Pulsed columns were installed 
in the Purex plants at Hanford and at 
Idaho Falls. 

One alternative to the extraction col­
umn is the "mixer-settler," in which the 
organic and the aqueous solutions are 
repeatedly mixed and separated in 
banks of from 12 to 24 horizontal 
stages, each consisting of a square mix­
ing chamber at one end and a long set­
tling chamber at the other. The mechan­
ical agitator that mixes the solutions 
also propels the liquids from stage to 
stage. The chief drawback of mixer-set­
tlers is the large ,"olume of uranium and 
plutonium that is held up in liquid in­
ventory, Because of the large holdup the 
solvent is subject to considerable dam­
age from radiation and chemical activi-
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SIMPLE EXTRACTION COLUMNS were used to provide intimate contact between the sol­
vent and aqueous solutions in the first spent-fuel-reprocessing plants. In the column at the left 
contact is provided by a packing of randomly oriented ceramic or metal objects, usually in the 
shape of rings or saddles. The aqueous solution in the column flows downward under the influ­
ence of gravity; the lighter-organic solution travels upward. A smaller, more efficient extrac­
tor (right) can be built if a piston or air pressure is employed to "pulse" the fluid in the column 
so that two solutions are repeatedly drawn back and forth through tiers of perforated plates. 
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ty. Among the advantages of the system 
are that the contactor can be readily 
adapted to remote maintenance, as it is 
at Savannah River, or be remote from 
the motors that drive the mixers, as it is 
at Windscale. Mixer-settlers are used 
in most of the European reprocessing 
plants. 

An improvement on both the extrac­
tion column and the mixer-settler is a 
centrifugal contactor developed at Sa­
vannah River. The settling section that 
accounts for the large holdup of urani­
um and plutonium in the mixer-settler is 
replaced by a small centrifugal separa­
tor mounted on the same shaft as the 
mixing vanes, Typically arrayed in 
groups of six, the centrifugal units are 
more efficient than the mixer-settler, 
have only 2 percent of the volume, need 
only a small fraction of the time to come 
to a steady state of operation or to be 
flushed out and cause only about a fifth 
as much damage to the solvent. A few 
years ago an 18-stage centrifugal con­
tactor replaced a 24-stage mixer-settler 
as the extraction contactor in the Savan­
nah River Purex plant. 

An axial-flow, multistage centrifugal 
contactor called the Robatel has recent­
ly been developed by a French com­
pany, Saint-Gobain Techniques Nou­
velles. In this device eight stages are ar­
rayed along the single vertical shaft of 
the centrifuge bowls. The apparatus has 
been selected as the extraction contac­
tor for the first Purex cycle of the Barn­
well plant of Allied-General Nuclear 
Services. 

The large-scale use of nuclear energy 
for the generation of electricity got 

under way in Britain before it did in the 
U,S. To reprocess the magnesium-alloy­
clad uranium-metal fuel from their first 
power reactors the British chose to mod­
ify and expand the plant at Windscale, 
which had originally been built to sepa­
rate weapons-grade plutonium. They 
designed the plant on the principle that 
the equipment inside the shielded cells 
where the most highly radioactive mate­
rial was handled would never be re­
paired or modified. This no-mainte­
nance principle called for materials and 
equipment of the highest quality. Reli­
ability was ensured by building two 
complete primary separation plants, 
one to serve as a spare. In addition each 
plant had a complete spare dissolver 
and a spare first solvent-extraction con­
tactor, The spare primary plant was nev­
er needed as such, and it was later modi­
fied and increased in capacity. In 1957 it 
began reprocessing power-reactor fuel. 
Decontamination and modification of 
the first plant were then found to be fea­
sible, with the result that the modified 
original plant served the British nuclear 
power program until 1964. 

In the early 1960's the British de­
signed and built their second-generation 
reprocessing plant, this time based on 

© 1976 SCIENTIFIC AMERICAN, INC



MIXER STAGE N 

SETTLER N - 1 SETTLER N + 1 

SOLVENT 

SECTION B-B 

SECTION A-A AQUEOUS OUTLET TO N + 1 

MIXER-SETTLERS, in which flow is maintained by paddles rather 
than by gravity, were first nsed at Savannah River Plant in the U.S. 

Aqueons and solvent solutions flow countercurrently through horizon­
tal "stages." Each stage consists of mixing chamber and settling one. 

Purex solvent instead of Butex. With a 
capacity to reprocess 2.000 to 2,500 
metric tons of fuel per year, the new 
plant is the largest of its kind in the 
world. The no-maintenance principle 
was again followed. In 1969 a chop­
leach dissolving facility was added as a 
head end to handle uranium oxide fuel 
(clad in either stainless steel or Zircaloy) 
that had been subjected to much longer 
"burnup" (exposure in the reactor) than 
earlier uranium-metal fuel rods and that 
as a result had a higher content of fission 

products. Chop-leach dissolving is fol­
lowed by one cycle of Butex extraction 
to bring the fission-product content of 
the oxide fuel into line with that of the 
uranium-metal feed to the main plant. 

There is also a small reprocessing 
plant in northern Scotland for the spent. 
highly enriched uranium fuel from the 
adjacent Dounreay reactor and from 
materials-testing reactors. At Dounreay 
the fuel cycle is completed under condi­
tions that anticipate the more stringent 
requirements of later generations of 

commercial power reactors. Enriched­
uranium fuel assemblies that have been 
irradiated to high burnup are reproc­
essed after short cooling times and are 
refabricated into new fuel elements. 

The Wind scale reprocessing plants 
(and the Dounreay operations as well) 
are now a part of British Nuclear Fuels 
Ltd., an independent (albeit govern­
ment-owned) corporation that provides 
complete fuel-cycle services and has re­
processed spent nuclear fuels from oth­
er countries, including West Germany, 
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Italy. Japan. Spain and Sweden. It is a 
member of United Reprocessors 
GmbH. a joint Anglo-French-German 
company set up to coordinate require­
ments and operations in Europe. 

In the U.S. the Atomic Energy Com­
mission. now merged into the Ener­

gy Research and Development Admin­
istration (ERDA). supported nuclear 
power by research and development in 
national laboratories. constructed dem­
onstration reactors (such as the one at 
·
Shippingport. which was built in collab­
oration with public utilities) and stored 
(and in a few instances reprocessed) 
spent fuels from those reactors. The 
AEC did not, however. take the respon­
sibility for either fuel fabrication or fuel 
reprocessing. The same policy continues 
under ERDA. Only the enrichment of 
uranium and the ultimate disposal of 
highly radioactive wastes are Govern­
ment responsibilities. 

Interest in the reprocessing of nuclear 
fuels developed among the suppliers of 
nuclear power equipment who felt the 
need to assure their customers of a 
closed fuel cycle. the chemical compa­
nies that had the necessary technologi­
cal skill and background. and the oil 
companies that hoped to expand their 
operations into other energy sources. 
Several ventures into reprocessing 
emerged. The first. Nuclear Fuel Ser­
vices (originally a subsidiary of W. R. 
Grace & Co. but now owned jointly by 
the Getty Oil Company and the Skelly 
Oil Company). designed and construct­
ed a plant with a capacity of 300 tons of 
spent fuel per year on a site owned by 
the state of New York in West Valley. 
N.Y. After six years of operation the 
plant was shut down in 1972 for a 
planned expansion to 750 tons per year. 
for the correction of some deficiencies in 
the process. for the improvement of en­
vironmental-protection features and for 
the installation of waste facilities need­
ed to meet new regulatory requirements. 
The plant used the Purex process in 
pulsed columns. Fuel was prepared for 
processing by chop-leach. The chop­
leach equipment could be maintained or 
replaced remotely; the Purex-process 
cells were maintained directly. At last 
reports. however, the estimated cost of 
the modifications had risen from $ 15 
million to $600 million. and N ucIear 
Fuel Services had withdrawn its appli­
cation to the Nuclear Regulatory Com­
mission for permission to reopen the 
plant. 

CENTRIFUGAL CONTACTOR for mix. 
ing and separating solvent and aqneous pha. 
ses was developed at the Savannah River lab. 
oratory of the Energy Research and Develop. 
ment Administration. Role of settling cham. 
ber in mixer-settler is taken over by a bowl on 
same shaft as mixing paddle. Drive motor, with 
its frame and bearings, is remotely replaceable. 
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The General Electric Company had AQUEOUS OUTLET 

meanwhile become convinced that rela­
tively small reprocessing plants might 
be built to serve a group of power reac­
tors within a short shipping radius. Gen­
eral Electric designed and built such a 
plant. the Midwest Fuel Recovery Plant 
at Morris. Ill.. near the Dresden nuclear 
power station of the Commonwealth 
Edison Company. With a capacity of 
300 tons per year. the Morris plant em­
bodied major departures from the typi­
cal Purex-TBP process. with the aim 
of minimizing the contribution of re­
processing costs to the cost of nuclear 
power. The General Electric Aquafluor 
process involved TBP solvent extraction 
for the separation of uranium and pluto-
nium from most of the fission products. 
ion exchange for separating uranium 
and plutonium from each other. and 
fluidized beds for the calcination of ura­
nyl nitrate to the oxide (UOa) and for the 
conversion of the oxide to the hexafluo­
ride (UF6)' 

Instead of the usual second solvent­
extraction cycle for the uranium. Gen­
eral Electric incorporated a separation 
step that exploited differences in volatil­
ity for separating the fluorides of the 
fission products from the UF6• This step 
reduced costs and eliminated some liq­
uid waste. but it entailed the remote 
handling of radioactive powders. In the 
course of testing the plant equipment 
with nonradioactive feeds it was con­
cluded that the problems of handling 
fine radioactive solids were far greater 
than had been anticipated and would 
preclude successful operation of the 
plant. It now seems that the plant cannot 
be modified economically to avoid such 
difficulties and meet the current require­
ments of the Nuclear Regulatory Com­
mission. 

In 1968 the Allied Chemical Corpo­
ration announced plans to build 

a 1. 500-ton-per-year fuel-reprocessing 
plant on land in the Barnwell County 
industrial park. adjacent to (originally 
part of) the site of the Government's Sa­
vannah River Plant. Allied Chemical 
was joined by the General Atomic Com­
pany. jointly owned by the Gulf Oil 
Corporation and the Royal Dutch/Shell 
Group of Companies. as co-owner of 
Allied-General Nuclear Services. the 
operator of the Barnwell facility. Apart 
from its proximity. the Barnwell plant is 
independent of the Savannah River 
Plant. Construction at Barnwell was be­
gun in 197 1. and the originally planned 
facilities are now complete. They pro­
vide for receiving and storing fuel. 
chop-leach dissolving. Purex separa­
tions. storage of high-activity wastes 
and plutonium nitrate product. and the 
conversion of uranyl nitrate product 
into uranium hexafluoride. 

Design and construction at Barnwell 
of "tail end" facilities for the solidifica­
tion of the waste for shipment to a Fed-
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FLOW PATH IN A CENTRIFUGAL CONTACTOR is depicted schematically. After thor­
ough mixing the organic and aqueous solutions travel upward into a rotating bowl where they 
are separated centrifugally. Heavier aqueous solution is thrown to outside of bowl; lighter or­
ganic solution is driven inward. BafHes at top of bowl direct two solutions to separate ports. 

eral repository and for the conversion of 
plutonium nitrate to solid plutonium 
oxide await decisions by the Nuclear 
Regulatory Commission and ERDA on 
the specifications and destinations of 
those materials. So far Allied-General 
Nuclear Services has invested some 
$250 million in the Barnwell plant 
(more than three times the original ex­
pectation); the waste and plutonium fa­
cilities are expected to cost another $250 
million. Half a billion dollars may seem 
like a large investment for a single re­
processing plant. but in the overall eco­
nomics of nuclear power the outlay rep­
resents less than 1.5 percent of the value 
of the 50 to 60 nuclear power reactors 

whose spent fuel the Barnwell plant can 
reprocess. 

In the Allied-General Nuclear Ser­
vices separations facility the spent fuel 
will be chopped into short lengths by a 
shearing device that was conceived by 
its engineers and designed and built 
by Saint-Gobain Techniques Nouvelles. 
The uranium oxide pellets will be dis­
solved continuously from the cladding 
hulls in a series of vessels where fresh 
acid leaches the last traces of fuel from a 
batch of hulls. Solid particles are re­
moved from the solution by centrifuga­
tion. There are two innovations in the 
Purex system: the first extraction con­
tactor is the Saint-Gobain centrifugal 
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unit I described above. and the separa­
tion of plutonium is achieved by reduc­
ing the plutonium electrolytically in an 
"electropulse" column. a development 
of the Allied-General Nuclear Services 
technical staff. The other contactors are 
also pulsed columns. Equipment that is 
subject to mechanical or electrical fail­
ure or to unusually corrosive conditions 
can be replaced remotely; the rest of the 
equipment is designed for direct mainte­
nance. 

Exxon Nuclear is a supplier of urani­
um and of reactor fuel assemblies and 
is actively interested in the rest of the 
fuel cycle. including enrichment and re­
processing. Earlier this year Exxon an­
nounced plans to build a 1,500-ton-per­
year reprocessing plant on land that is 
now part of the ERDA site at Oak 
Ridge. Tenn. The company is awaiting a 
construction permit from the Nuclear 
Regulatory Commission. Although oth­
er companies have from time to time 
expressed interest in fuel reprocessing. 
no other commitments have been made. 

One industry executive has summed 
up the current situation by saying: "At 
this moment the nuclear-fuel cycle does 
not exist." In the U.S .. at least. this is 
true; even the design and construction of 
modified and new facilities are at a 
standstill pending the resolution of envi­
ronmental and regulatory impasses. 

Hearings on the recycling of plutoni­
um as an oxide mixed with uranium are 
just getting under way. and waste han­
dling is in limbo until the final disposal 
site and specifications are decided. Even 
receipt and storage of spent fuel at Barn­
well awaits license hearings that are 
only now about to begin. The separa­
tions facility is ready and could be oper­
ated. with interim storage of waste and 
plutonium in solutions. but this too 
awaits completion of environmental 
and safety appraisals and subsequent li­
cense hearings. There is doubt about 
whether the plant will be cleared for 
start-up before the end of the decade. 

The situation abroad is strikingly dif­
ferent. Both the British and the French 
have relied on military production facil­
ities to process spent uranium from the 
first or second generation of power reac­
tors. which used metallic fuel rather 
than oxide. The construction of addi­
tional facilities to reprocess uranium ox­
ide fuel from the newer light-water (as 
opposed to gas-cooled) reactors has fall­
en behind schedule. but not seriously. 
The Wind scale head-end facility for ox­
ide fuel operated from 1970 to 1973. 

MULTISTAGE CONTACTOR caned the 
Robatel has been developed by the French 
firm Saint-Gobain Techniques Nouvelles. 
The rotating bowl of this centrifugal machine 
has a diameter of 80 centimeters, which is 
about three times diameter of the bowl in the 
Savannah River unit. The path through one 
stage of Robatel is shown on opposite page. 
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when it was shut down after a small re­
lease of radioactivity that led to a com­
prehensive review of the processing of 
highly irradiated oxide fuels. The Brit­
ish have now decided not to modify or 
rebuild the head-end facility and are 
planning to put up two more oxide­
reprocessing plants with a capacity of 
1.500 metric tons per year each. to be 
completed during the 1980·s. 

The original French reprocessing 
plant at Marcoule. with a capacity of 
processing 1.000 tons of uranium metal 

. per year. has been running since 1958. A 
second plant of the same capacity went 
into operation at La Hague in 1967. A 
head-end facility able to handle about 
800 tons of oxide fuel per year was re­
cently added to the La Hague plant. The 
French are now proposing to build two 
more complete oxide-processing facili­
ties at La Hague. each with a capacity of 
800 tons per year. the first to be ready by 

- 1984 and the second by 1986. 
In West Germany a group of four 

chemical and nuclear engineering com­
panies. which has been operating a small 
demonstration reprocessing plant. is 
now selecting a site for a plant with a 
1.500-ton-per-year capacity that is ex­
pected to be operating by the late 
1980·s. The overall scheduling of Euro­
pean reprocessing facilities has been 
guided since 197 1 by United Reproces­
sors. a consortium of British. French 
and West German enterprises. Its goal is 
to provide an integrated reprocessing 
capacity of about 20.000 tons per year 
by the early 1980·s. There are small 
demonstration plants in Japan and In­
dia. Brazil and Pakistan have recently 
negotiated respectively with West Ger­
many and France for the purchase of 
full-scale plants. Japan has also an­
nounced plans to build a large plant. 

How can the u.s. nuclear power in­
dustry continue to operate without 

the reprocessing of its spent fuels? For 
the present there is enough uranium­
enrichment capacity to allow once­
through operation of existing nuclear 
power reactors. partly because the ex­
pansion of nuclear power facilities has 
been greatly retarded as a result of the 
economic slump. high construction 
costs and licensing delays. The volume 
of spent nuclear fuel accumulated per 
year is still manageable; in 1977 about 
1. 100 tons will be discharged. and its 
storage for long periods is simple and 
safe. The high-integrity. corrosion-re­
sistant cladding is more than adequate 
to contain the fuel in the high-purity wa­
ter of the storage basins. The capacity of 
the storage basins is being taxed. howev­
er. and modifications are being made to 
increase the size of some of them. The 
storage basin at Morris is in service. and 
the one at Barnwell has been completed. 

Once-through operation of nuclear 
power reactors and the increasing in­
vestment in spent-fuel inventory add 
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FLOW SCHEME IN THE ROBATEL provides for eight stages of mixing and settling ar· 
ranged one above the other. The schematic diagram shows the flow through a single stage. Brief. 
Iy, the organic solution, traveling downward on the inside of the rotating bowl, is repeatedly 
mixed with the aqueous solution, which is conducted upward through a series of ports and baf. 
fles. Flow of organic solution is readily followed from diagram. At each stage aqueous solution 
leaves settler through ports labeled A and reappears in stage above through ports labeled B. 

substantially to the cost of electric pow­
er from the nuclear plants. perhaps as 
much as 20 percent. These costs must 
ultimately be covered by the consumer. 
Even more important. the spent fuel 
constitutes a high-grade energy resource 
that must ultimately be "mined." The 
fuel cycle needs to be closed so that the 
technologies for reactor-fuel fabrica­
tion and for reprocessing can remain in 
step with reactor technology and meet 
their mutual requirements. It is particu­
larly desirable that the commercial re­
processors have experienced staffs and 
demonstrated processes before they are 
called on to take up the more demand­
ing task of reprocessing plutonium fuels 

from breeder reactors and other ad­
vanced systems with high burnup rates 
and perhaps shorter cooling periods. 

The U.S. has now had more than three 
decades of highly successful experience 
in reprocessing reactor fuels to extract 
hundreds of tons of plutonium. with no 
proof that these activities have done any 
significant harm to man or his environ­
ment. In spite of this experience critics 
of nuclear power point to such hazards 
as possible leaks from existing liquid­
storage tanks containing highly radioac­
tive wastes. the long life of highly radio­
active wastes under any storage proce­
dure and the harm that could be done by 
the routine discharge of effluents with 
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SIXTY-TWO FISSION POWER REACTORS are now licensed to 
operate in the U.S. at 44 sites. Another 72 reactors are under con­
stru.ction and 61 more are in the planning stage. The operating plants 
have a total capacity of 44,650 megawatts, which represents just over 
8 percent of the total U.S. electric-generating capacity. The 72 reac­
tors under construction will add another 75,500 megawatts of capaci­
ty. Only one privately owned spent-fuel-reprocessing plant is substan­
tially finished and awaiting a license to operate: the $500-million 
plant of Allied-General Nuclear Services in BarnweU, S.C. Two other 
reprocessing plants (black squares) have been constructed, one by the 

CHEMICAL REPROCESSING "CANYON," 800 feet long, at the 
Government's Savannah River Plant is one of two parallel remote­
maintenance facilities. AU piping and equipment can be removed and 
replaced by an operator riding in a heavily shielded crane that travels 
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General Electric Company at Morris, m., the other by Nuclear Fuel 
Services, Inc., at West VaUey, N.Y., but their owners have no present 
plans to put them into operation. The Federal Government has three 
major fuel-reprocessing facilities: one at Hanford, Wash. (now shut 
down), one on the Savannah River near Aiken, S.C., and one at Idaho 
Falls, Idaho. At these three sites the U.S. has also stored some 75 mil­
lion gallons of radioactive wastes, the residues from more than 30 
years of processing spent fuels, chiefly for extraction of plutonium. 
Fuel from power reactors is stored in pools adjacent to power plants 
and at reprocessing plants, including those at Morris and West Valley. 

length of canyon on rails visible on facing walls. Pipe sections are 
balanced so that they hang level when they are lifted by crane. Con­
nectors are operated by wrenches manipulated from crane. Reactors 
at plant were designed primarily to produce plutonium and tritium. 
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very low levels of radioactivity. by acci­
dents in the reprocessing plants and by 
the theft of plutonium by terrorists. It is 
not possible in this article to answer all 
the questions that have been raised. 
Some of the known facts can nonethe­
less be discussed. 

The principal fission products in aged 
high-radioactivity wastes are cesium 
137 and strontium 90. Such wastes also 
contain traces of plutonium and urani­
um. Cesium 137 and strontium 90 have 
half-lives of about 30 years. so that sev­
eral centuries of storage are needed for 
them to decay to negligible levels. 
(Twenty half-lives. or a factor of a mil­
lion. are enough to leave most waste so­
lutions innocuous.) The half-life of plu­
tonium. however. is 24.000 years. but 
since it is a valuable product its loss in 
waste is kept as low as is practical. Typi­
cal wastes contain less than . 1  percent of 
plutonium. At present all high-radioac­
tivity waste is in solutions. sludges and 
masses of inorganic salts in under­
ground tanks; none has been commit­
ted to ultimate disposal. The tanks are 
monitored. and the wastes can be (and 
have been) transferred to new tanks as 
the need arises. 

There have been leaks in some of the 
older tanks at Hanford and Savannah 
River. but as could have been predicted 
from the characteristics of the wastes 
and the soils. the movement of the 
wastes away from the points of leakage 
has been slight. Strontium and plutoni­
um are highly insoluble under the chem­
ical conditions prevailing in the tanks. 
and cesium is strongly adsorbed by clay 
minerals in the soil. As successive 
groups of tanks have been built. stan­
dards of construction have been raised 
and the integrity of storage has been en­
hanced. 

The alkaline Hanford and Savannah 
River waste� contain large concentra­
tions of aluminum. iron and sodium 
salts. so that their volume is substantial 
(roughly 75 million gallons at present). 
On the other hand. only about 250 liters 
(65 gallons) of concentrated. acid. high­
radioactivity waste remains from the re­
processing of a ton of power-reactor 
fuel. This amount can be reduced by 
demonstrated processes to as little as 75 
liters of vitreous solid. The present poli­
cy of the Government is that the wastes 
shall be converted into solids by the re­
processors within 10 years of their pro­
duction and that they shall then be deliv­
ered to Government sites for long-term 
storage. 

The form of the wastes and the place 
for their ultimate disposal are technical 
problems that now require decisions 
and development rather than research. 
The places will almost certainly be geo­
logical formations; natural salt beds and 
other crystalline or sedimentary bed­
rock formations show promise. Salt de­
posits. and geological disposal in gener­
al. received a severe setback in public 

acceptance. however. when an aban­
doned salt mine in Kansas that had 
served for disposal tests was designated 
as the first site for actual demonstration 
disposals. It developed that this old 
mine was not well enough isolated from 
active salt workings nearby. and the 
project was abandoned. 

Airborne and aqueous effiuents from 
n reprocessing plants normally carry 
the fission products krypton 85 and triti­
um. along with certain radioactive sec­
ondary by-products such as carbon 14. 
out into the environment. Although in 
total curies of radiation emitted the 
quantities of these substances are large. 
their radioactive. physical. chemical 
and biological characteristics are such 
that the radiation dose to man is a very 
small fraction of the dose he inescapa­
bly receives from the natural radioactiv­
ity in the environment. Some groups ob­
ject to these routine releases on the 
grounds that any increase in the total 
dose of radiation. no matter how small. 
is harmful. This is the "linear hypothe­
sis." based on the linear extrapolation of 
effects that can be observed at high dos­
es to effects that cannot be observed at 
low doses. 

Natural radioactivity exposes every 
person on the earth to an average annual 
dose of radiation amounting to about 
100 millirems. In some populated areas 
the natural dose is several times higher. 
(For the purposes of comparison the of­
ficial limit on the amount of radiation to 
which an individual worker in a nuclear 
plant may be exposed in the course of a 
year is five rems. or 50 times higher.) 
The amount of radiation added by nu­
clear operations is only a few millirems 
in the worst locations near the nuclear­
plant fence. These small increases can 
be reduced. but only at great cost and in 
some cases with the substitution of other 
hazards. (An example is the storage of 
large quantities of krypton-85 gas under 
high pressure.) 

Two general principles stated by the 
Committee on the Biological Effects of 
Ionizing Radiations of the National 
Academy of Sciences are pertinent. The 
first is : "No exposure to ionizing radia­
tion should be permitted without the ex­
pectation of a commensurate benefit. " 
The second is: "The public must be pro­
tected from radiation. but not to the ex­
tent that the degree of protection pro­
vided results in the substitution of a 
worse hazard for the radiation avoided. 
Additionally there should not be at­
tempted the reduction of small risks 
even further at the cost of large sums of 
money that. spent otherwise. would 
clearly produce greater benefit. " 

Fears of accidents in the reprocessing 
plants have little foundation. The care­
ful control required to maintain the effi­
ciency of the process minimizes the 
probability of an accident. Moreover. 
the heavy shielding and sealed enclo-

sures needed for routine protection 
from radiation confine an accidental re­
lease of radioactivity to a small area. 
The possibility that a critical mass of 
a fissionable isotope might accumulate 
is an understandable concern over an 
industry that grew out of the atomic 
bomb. The first effect of an accidental 
accumulation of a critical mass. howev­
er. is the almost instantaneous dispers­
al of the material. which immediately 
halts the chain reaction. The maximum 
energy release is small (equivalent to the 
combustion of between half a liter and 
five liters of gasoline). so that there is 
little damage to facilities and little dis­
persal of radioactivity. The burst of ra­
diation. however. is serious. and a near­
by worker could receive a grave dose. In 
the 30 years that the Government facili­
ties have been operated there have been 
1 2  accumulations of critical mass. five 
of them in chemical processing plants or 
laboratories. There was one fatality. 
which equaled the number from drown­
ing and from shooting during the same 
period in those facilities. Chemical ex­
plosions and fires have had much more 
serious consequences in nuclear plants. 
but these too have had no significant off­
site effects. 

To many the greatest potential for di­
saster seems to be the possibility of ter­
rorists' obtaining plutonium and making 
a bomb. The obstacles in the way of 
such a feat are great. Even a moderately 
effective bomb is a considerable techno­
logical achievement. and it is more diffi­
cult to make a bomb from power-reac­
tor plutonium than from plutonium 
produced specifically for weapons. It is 
not generally appreciated that during 
the long exposure of fuel in a power re­
actor there is an accumulation of plu­
tonium isotopes other than plutonium 
239. particularly plutonium 240. which 
make it very much more difficult to as­
semble a super critical mass of plutoni­
um without an inefficient premature ex­
plosion. Weapons-grade plutonium is 
made with much shorter exposure in the 
reactor. Moreover. the radiation emit­
ted by plutonium is easy to detect with 
sensitive instruments. (Such instruments 
can detect .25 gram in a volume of ra­
dioactive waste materials measuring 
several cubic feet.) 

Diluting the plutonium oxide with 
uranium oxide before it is shipped 

from the reprocessing plant or "denatur­
ing" it with a more radioactive material 
are possible deterr,ents to the hijacking 
of shipments. Such stratagems seem 
trivial. however. when one considers 
that there are tens of thousands of plu­
tonium-containing weapons dispersed 
around the world and still more in weap­
ons-fabrication plants. Perhaps our best 
hope is that someday plutonium will be 
more valuable for power-reactor fuel 
than for weapons. and that the nations 
will then beat their bombs into fuel rods. 

4 1  
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Negative Aftereffects 
in Visual Perception 

You will see one if you stare at a waterfall for a short time and then 
look away; the surrounding scene will seem to move slowly upward. 
The study of such illusions yields information on perceptual systems 

by Olga Eizner Favreau and Michael C. Corballis 

I
t is a common experience to look at a 

bright light and to find that a dark 
image of the object remains in the 

visual field for some time afterward. 
The phenomenon is called a negative 
afterimage (negative because the object 
was bright and the image is dark). A 
similar phenomenon can be experienced 
by staring for several minutes at some­
thing that is moving in a uniform di­
rection. as a waterfall does. and then 
turning the gaze away; the surrounding 
scene will appear to drift slowly in the 
opposite direction. This is a negative af­
tereffect. Afterimages and aftereffects 
are illusions. reminding one that the sen­
ses are sometimes imperfect mediators 
between the external world and one's 
perception of it. The study of such illu­
sions is valuable in psychology for the 
clues they provide to how the sense or­
gans and the nervous system function in 
processing information. 

Afterimages and aftereffects are en­
countered in a variety of forms. For ex­
ample. afterimages of colored objects 
appear in colors that are complementa­
ry to the colors of the objects. If you 
stare at a patch of green for a minute or 
so and then look at a blank field. you can 
expect to see a reddish patch of the same 
shape [see illustration on opposite page]. 

In addition to motion aftereffects of 
the kind evoked by watching a waterfall 
one can experience figural aftereffects. 
For example. if you look at a line that is 
tilted about 15 degrees from the verti­
cal. a line that is actually vertical may 
appear to be tilted in the opposite direc­
tion [see bottom illustration on page 47]. A 
related aftereffect can be observed if 
you look at a curved line for a time; a 
straight line then seems to curve the oth­
er way. 

Aftereffects are by no means limited 
to vision. If someone is blindfolded and 
then runs a finger back and forth along a 
curved rod. a straight rod will seem to be 
curved the other way. Similarly. as has 
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been demonstrated by Stuart M. Anstis 
of York University. if one listens repeat­
edly to a tone that increases in intensity. 
a tone of constant intensity is likely to 
sound as though it is decreasing in inten­
sity. Here we shall focus on visual after­
effects. since they have been the most 
intensively examined. 

A
number of investigators in the 19th 
century thought motion aftereffects 

might be related to movements of the 
eyes. Exposure to a moving pattern in­
duces the eyes to follow the motion of 
the pattern. If the eyes tend to persist in 
the same pattern of scanning when the 
movement is no longer there. a station­
ary pattern might then seem to move in 
the opposite direction. 

In 1850. however. this hypothesis was 
discredited by the Belgian physicist Jo­
seph Plateau on the basis of work with 
rotating spirals. Such a spiral appears 
either to expand or to contract. depend­
ing on the direction of rotation. Plateau 
found that if one watches an expanding 
spiral for a few minutes. a stationary 
spiral then seems to contract; converse­
ly. a contracting spiral induces an after­
effect of expansion. The spiral afteref­
fect cannot be explained simply in terms 
of eye movements. because both expan­
sion and contraction consist of move­
ment in all directions at once. 

Another explanation for aftereffects 
is the concept of normalization pro­
posed by J. J. Gibson of Cornell Univer­
sity. He argued that a prolonged expo­
sure to a stimulus that deviates in some 
way from an established norm might 
serve to redefine the norm. For example. 
an exposure to a line that is tilted slight­
ly from the vertical might induce the 
observer to recalibrate his conception of 
the vertical toward the line. A truly ver­
tical line would then be seen as being 
tilted in the other direction. This hy­
pothesis may be partly correct. but it 
cannot easily account for aftereffects 

that arise when no obvious norm is in­
volved. As Donald E. Mitchell and Dar­
win W. Muir of Dalhousie University 
have shown. the tilt aftereffect induced 
with a stimulus of oblique lines is simi­
lar in both magnitude and direction to 
the aftereffects induced with vertical 
and horizontal lines. 

In recent years attempts to understand 
visual aftereffects have drawn increas­
ingly on concepts derived from the 
growing body of knowledge of the neu­
rophysiology of the visual system. Al­
though most of this work is based on 
recordings made with microelectrodes 
from individual neurons. or nerve cells. 
in the visual system of such animals as 
cats and monkeys. a number of psychol­
ogists have been quick to extrapolate the 
findings to human vision. The exchange 
has also gone the other way: concepts 
derived from work on aftereffects in 
human beings preceded fundamental 
discoveries in the neurophysiology of 
vision in other primates. We hope to 
convey something of the flavor of this 
exchange between disciplines. 

T ight reaching the eye is focused by the 
L lens to form a two-dimensional im­
age on the retina. Light-sensitive re­
ceptors there convert the image into a 
spatial pattern of neural impulses. The 
impulses are transmitted from the recep­
tors to a layer of neurons called bipolar 
cells and then to another layer called 
retinal ganglion cells. Fibers from the 
retinal ganglion cells make up the optic 
nerve. which carries the neural informa­
tion from the retina to the brain. 

Negative and complementary after­
images probably depend largely on the 
properties of cells in the retina. It is 
easy to demonstrate that an afterimage 
moves about as one moves one's eyes 
and that its location is perfectly corre­
lated with the position of the eyes; it is 
as though the afterimage were painted on 
the retina. In contrast. objects actually 
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present in the visual field appear to re­
main fixed if one moves one's eyes. 
These observations hold only for nor­
mal, voluntary eye movements. The sit­
uation is reversed if one moves an eye 
passively, as by pressing at the corner of 
the eye with a finger; then objects in the 
real world appear to move but an after­
image remains motionless. Both kinds of 
observation show that afterimages are 
formed at a level of processing preced­
ing the one where the perceived location 
of objects in space is "corrected" for vol­
untary eye movements. 

It is also easy to show that afterimages 
do not transfer from one eye to the oth­
er. The reader can verify this finding by 
looking at the illustration at the right for 
about 40 seconds with a hand over one 
eye. The afterimage will then be visible 
against a plain surface only to the ex­
posed eye. 

One can explain these phenomena by 
supposing cells in the retina, including 
the receptors. become temporarily fa­
tigued or adapted after a long stimula� 
tion. According to this reasoning. if one 
looks at. say. a white patch. cells respon­
sive to white light become less respon­
sive. leaving an impression of a dark 
patch if the gaze is shifted to a uniform 
field. Complementary afterimages (red 
following green. for example) can be ex­
plained in a similar way. 

Neurons beyond the receptors may 
also contribute to afterimages. They in­
clude the bipolar and ganglion cells in 
the retina and possibly cells in the lateral 
geniculate nucleus. a relay station in the 
brain that receives its input directly 
from the retinal ganglion cells. Among 
the retinal ganglion cells and the lateral 
geniculate cells are cells that typically 
exhibit what is termed "opponent proc­
ess" organization. meaning that a

' 
cell 

increases its normal rate of firing in re­
sponse to one color but decreases it in 
response to the complementary color. 
Opponent-process cells might contrib­
ute to afterimages in two ways. Suppose 
one views a uniform green field for a 
period of time. The cells that fire at an 
increased rate for green (they are called 
green-on. red-off cells) may become fa­
tigued. so that if one subsequently views 
a uniform white field. the reduced fir­
ing of these cells is interpreted as red­
ness. Conversely. red-on. green-off cells 
would be depressed while one was look­
ing at a green field and might subse­
quently "rebound" to enhance the im­
pression of redness. 

Whereas afterimages depend on the 
fatigue of cells in the early stages 

of visual processing. figural and motion 
aftereffects appear to depend on proper­
ties of neurons at a higher level. perhaps 
in the visual cortex. The study of such 
aftereffects was greatly stimulated by 
the pioneering discoveries of David H. 

NEGATIVE AFTERIMAGE is the simplest kind of negative aftereffect. Here the afterim­
age will appear in t�e color that is complementary to the color you look at. H you fix your gaze 
on the cross at the center of the colors for about a minute and then look at the gray field at the 
bottom of the page, you should see patches that are in the complementary colors of the original: 
the green, yeUow, blue and red will be replaced respectively by red, blue, yeUow and green. 
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CONTINGENT AFTEREFFECT is demonstrated by these two grids and the pattern in the 
illustration on the opposite page. Look alternately at one grid and then the other for about 10 
seconds each for 10 minutes. Then look at the pattern on the opposite page. Its horizontal lines 
should appear reddish and its vertical lines greenish. If the page is turned 90 degrees, the col­
or relations reverse. The phenomenon is termed an orientation-contingent color aftereffect. 
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Hubel and Torsten N. Wiesel of the 
Harvard Medical School on the proper­
ties of neurons in the visual cortex of the 
cat brain [see "The Visual Cortex of the 
Brain." by David H. Hubel; SCIENTIFIC 
AMERICAN. November, 1963]. Hubel 
and Wiesel found cells that they classi­
fied hierarchically as simple, complex 
and hyper complex. Simple cells respond 
to edges, slits or lines. The edge. slit or 
line must be precisely located and ori­
ented in the visual field to cause a given 
cell to fire at the maximum rate. Al­
though location is not so critical for 
complex and hypercomplex cells, they 
have the added characteristic of re­
sponding maximally when the preferred 
stimulus is in motion in a direction per­
pendicular to its orientation. Many of 
these cells are also directionally selec­
tive in that they respond to motion in 
one direction but not to motion in the 
opposite direction. 

In 1961, two years after the first re­
port by Hubel and Wiesel. N. Stuart 
Sutherland, who is now at the Universi­
ty of Sussex, suggested that cortical cells 
of the kind described by the Harvard 
workers might underlie aftereffects of 
motion and orientation. His expla­
nation. like the one we have described 
for afterimages. invoked the concept 
of neural fatigue. According to Suther­
land. the perception of the orientation 
of a line would involve a kind of averag­
ing of the activity of all the line detec­
tors that respond to the line. If one looks 
at. say, a vertical line, the neurons most 
sensitive to verticalness are the most ac­
tive and there is no overall bias due to 
the activity of cells sensitive to other ori­
entations. The decision about the orien­
tation of the line therefor�. corresponds 
to reality. 

-

Now suppose the observer looks for 
some time at a line that is tilted 15 de­
grees clockwise. Line detectors maxi­
mally sensitive to the IS-degree line be­
come fatigued, so that when the observ­
er looks at the vertical line. the balance 
of activity is shifted counterclockwise 
away from the vertical. A similar proc­
ess could underlie motion aftereffects. 

The recognition that single cells in the 
cat's brain are simultaneously sensitive 
to more than one specific feature of en­
vironmental stimuli, such as orientation 
and brightness. introduced the possibili­
ty of discovering aftereffects with mul­
tiple components. The possibility was 
first realized by Celeste McCollough of 
Oberlin College. She reasoned that hu­
man beings probably have line detectors 
similar to the ones found in cats and that 
since people, unlike cats. also have color 
vision it might not be unreasonable to 
suppose that human line detectors are 
specialized for color as well as for ori­
entation. If they are. one might be able 
to demonstrate aftereffects that depend 
on both the orientation and the color 
of lines. 

McCollough accomplished the dem-
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onstration in the following way. Sub­
jects looked at grids of horizontal blue 
and black lines alternating every few 
seconds with grids of vertical orange 
and black lines. After about 10 minutes 
they were shown grids of horizontal and 
of vertical white and black lines. The 
horizontal grids appeared to have a faint 
orange color and the vertical grids were 
tinged with blue. This result can be de­
scribed as an orientation-contingent col­
or aftereffect; it is generally known as 
the McCollough effect. 

I t is unlikely that the McCollough ef­
fect is retinal in origin. For one thing 

it is clear that the perceived colors are 
not simply complementary afterimages, 
since either color can be seen in the same 
retinal location, depending only on the 
orientation of the lines in the grid. 
Moreover, it is not necessary to gaze fix­
edly at the figures in order to get the 
McCollough effect. 

Another aspect of the McCollough ef­
fect that differentiates it from simple 
afterimages is its extreme persistence. 
With an adaptation period of 10 or 15 
minutes the effect may still be visible 
days or even weeks later. Because of 
these properties it is generally believed 
that the mechanisms responsible for the 
McCollough effect are localized in the 
visual cortex of the cerebrum. Three 
years after McCollough's discovery Hu­
bel and Wiesel reported that the visual 
cortex of the monkey does in fact con­
tain neurons sensitive to both the orien­
tation and the color of a stimulus. 

Other reports of contingent after­
effects have followed McCollough's 
work. Norva Hepler of McGill Univer­
sity and Charles F. Stromeyer and R. J. 
W. Mansfield of Harvard University in­
dependently discovered that color after­
effects can be made contingent on the 
direction of motion of a pattern. For 
example, if an observer alternately 
watches a spiral rotating clockwise in 
green light and counterclockwise in red 
light, a black-and-white spiral may sub­
sequently appear pinkish if it is rotated 
clockwise and greenish if it is rotated 
counterclockwise. 

We and Victor F. Emerson, working 
at McGill, discovered that it is possible 
to induce the converse of this contingen­
cy. (The finding was also reported by 
Anstis and John E. W. Mayhew.) After 
watching a green clockwise spiral alter­
nating with a red counterclockwise spi­
ral observers report that a stationary 
spiral appears to move briefly counter­
clockwise when it is green and clockwise 
when it is red. This is a color-contingent 
motion aftereffect. Like the motion-con­
tingent color aftereffect, it is long-last­
ing, that is, although it is brief for any 
one exposure to a colored spiral, it can 
reappear when the spiral is looked at 
again. Both the color-contingent motion 
aftereffect and the motion-contingent 
color aftereffect can reappear if an ob-

II' 'II 

I I 

11-1---"1 II 
BLACK-AND-WIDTE PATTERN, viewed in conjunction with grids on opposite page, pro­
duces the orientation-contingent color aftereffect. Such multiple-component aftereffects are 
called McCollough effects after Celeste McCollough of Oberlin College, who discovered them. 

server is shown the test patterns 24 
hours after adaptation. 

The evidence we have reviewed so far 
seems to support the view that afteref­
fects depend on the properties of feature 
detectors that bear a close functional re­
semblance to the neurons described by 
Hubel and Wiesel. Nevertheless, inves­
tigators in both neurophysiology and 
human perception have recently sought 
to prove the existence of detectors that 
respond to more integrated properties 
of the visual display. Indeed, some 
workers now believe the neurons stud­
ied by Hubel and Wiesel do not function 
simply as edge, slit or line detectors but 
also contribute to an analysis of the spa­
tial frequencies (the spacing of more or 
less regularly repeating elements) in the 
total display. It has been found that indi­
vidual neurons in the visual cortex of 
the cat respond selectively to sinusoidal 
gratings (parallel bars having a bright­
ness that varies in a sinusoidal manner 
across the grating) only within a narrow 
range of spatial frequencies [see "Con­
trast and Spatial Frequency," by Fergus 
W. Campbell and Lamberto Maffei; SCI­
ENTIFIC AMERICAN, November, 1974]. 

A number of aftereffects can be at­
tributed to detectors of spatial frequen­
cy. For example, Colin Blakemore and 
Peter Sutton of the University of Cam­
bridge discovered that if one looks at a 

striped pattern for some minutes and 
then views a grating with the same ori­
entation but slightly narrower bars, the 
bars seem even narrower and more 
closely spaced than they really are. Con­
versely, broader bars seem broader [see 
bottom illustration on page 48]. 

The explanation proposed by Blake­
more and Sutton was similar to the one 
advanced by Sutherland to explain tilt 
and- motion aftereffects. They suggested 
that a grating of a particular frequency 
arouses activity in a subpopulation of 
frequency-detecting neurons. The distri­
bution of activity is averaged to provide 
a perceptual impression of what the 
displayed frequency is. Preadaptation 
to some other spatial frequency would 
have depressed the activity of neurons 
sensitive to that frequency and so would 
skew the distribution away from the dis­
tribution normally evoked by the dis­
played pattern. 

Color aftereffects can also be made 
contingent on spatial frequency. W. J. 
Lovegrove and Ray F. Over of the 
University of Queensland had subjects 
watch a vertical grating of one spatial 
frequency in red light alternating with a 
vertical grating of a different spatial 
frequency in green light. Afterward a 
black-and-white test grating of the first 
frequency appeared greenish and a grat­
ing of the second frequency appeared 
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VISUAL SYSTEM is depicted schematically to show the flow of information. The neurons, or 
nerve cells, represented in color are driven by only one eye, whereas the ones shown in black 
are driven by both eyes. Hence if an aftereffect that has been induced in one eye is observed to 
transfer to the other eye, one can infer that it is mediated by cells either in the visual cortex of 
the brain or in the superior colliculus. Afterimages, in contrast to aftereffects, do not transfer 
from one eye to the other, so that they evidently originate in early stages of visual processing. 
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pinkish. Color aftereffects occurred, 
however, only if the frequency of one 
grating was at least twice that of the oth­
er and if the frequency of at least one 
grating was higher than three cycles per 
degree of visual angle. Lo egrove and 
Over suggested that their results could 
be explained in terms of the adaptation 
of neural units tuned for both color and 
spatial frequency . 

A
useful way to check on the location 
in the visual system of the neurons 

responsible for aftereffects is to test for 
interactions of the eyes. For example, 
one can induce an aftereffect in one eye 
and then ask whether the observer sees it 
when he looks with the other eye. Neu­
rons in the visual pathway from the reti­
na to the visual cortex are driven by one 
eye up to and including the lateral genic­
ulate nucleus. In the visual cortex some 
neurons are driven monocularly (by an 
input to one eye only) and others are 
driven binocularly (by an input to either 
eye). Most of the cells in the superior 
colliculus (another part of the visual­
processing system) are driven binocular­
ly. Hence if an aftereffect is observed to 
transfer from one eye to the other, one 
can infer that it is mediated by cells in 
either the visual cortex or the supe­
rior colliculus. Since neurons in the su­
perior colliculus appear to be sensitive 
mainly to motion, however, their role 
(if they have one) would be confined to 
motion aftereffects. 

It has generally been found that figur­
al and motion aftereffects, unlike after­
images, do transfer from one eye to the 
other, although their strength is reduced 
in the process. These aftereffects are 
therefore probably mediated by both 
monocularly and binocularly driven 
neurons. In the eye that was exposed to 
the adapting pattern both kinds of neu­
rons would mediate the effect. In the 
other eye, however, only the neurons 
driven binocularly would be involved. 
which accounts for the reduction in 
strength. 

Contingent aftereffects where one of 
the components is color apparently do 
not transfer from one eye to the other. 
This finding suggested that they may be 
mediated by monocularly driven neu­
rons. Some evidence indicates. however. 
that this hypothesis may not be altogeth­
er correct. Experiments conducted by 
T. R. Vidyasagar of the University of 
Manchester have indicated that orienta­
tion-contingent color aftereffects can in­
volve neurons that require an input to 
both eyes. Such neurons are binocular. 
but they could not mediate an interocu­
lar transfer. It seems possible that other 
contingent aftereffects may also involve 
binocular neurons of this type. 

Gerald M. Murch of Portland State 
University has demonstrated that the 
color and motion components of an af-
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tereffect can be dissociated. He has also 
shown that the motion component 
transfers from one eye to the other and 
the color component does not. Murch's 
procedure involved an adaptation phase 
and a test phase. In the adaptation phase 
he presented to the right eye a spiral 
whose motion was alternated between 
clockwise and counterclockwise, and at 
the same time he presented to the left 
eye the contingent color, alternately red 
and green. In the test phase the observer 
looked at stationary red or green spirals 
with first one eye and then the other. The 
contingent aftereffect (clockwise move­
ment of the green spiral and counter­
clockwise movement of the red one) was 
reported only when the observer used 
his left eye. The adaptation to motion 
thus transferred from one eye to the oth­
er but the information about the contin­
gent colors did not. 

Murch's elegant experiment raises a 
general question about the nature of 
contingent aftereffects. Until recently it 
had been widely assumed that they are 
due solely to the adaptation of "multi­
ple duty" neurons tuned to the different 
components, such as color and orien­
tation, that underlie the aftereffects. 
Murch and other workers have ques­
tioned this assumption, suggesting in­
stead that the contingency may depend 
on associative connections between dif­
ferent classes of neurons, each type 
tuned to a single component of the visu­
al experience. Although Murch's exper­
iment does not rule out the participation 
of multiple-duty neurons in the media­
tion of contingent aftereffects, it does 
introduce the possibility that such after­
effects can also be mediated by asso­
ciations among previously independent 
neurons. 

The possibility that contingent after­
effects may depend on the formation of 
associative connections rather than (or 
perhaps in addition to) fatigue has been 
suggested for another reason, namely 
the persistence of many contingent af­
tereffects. As we have mentioned, they 
can be detected days or even weeks after 
the adaptation period. We know of no 
neurophysiological evidence that fa­
tigue or the adaptation of single neurons 
ever persists for such a long time. 

Indeed, the persistence may not be 
confined to contingent aftereffects, al­
though the question of whether or not 
an aftereffect is contingent is sometimes 
a fine point. Richard F. Masland of 
McGill showed that features of the spi­
ral aftereffect can persist for as long as 
24 hours. One of us (Favreau) has found 
that it may still be present a week later. 
The decrease in magnitude of the spiral 
aftereffect is rapid during the first few 
minutes, but thereafter the rate of de­
crease is markedly slower. For this rea­
son Masland suggested that the after­
effect has two components: a rapidly 

SPIRAL AFTEREFFECT is caused by putting a spiral on a turntable and rotating it at 33lja 
revolutions per minute, When the spiral is stopped, it seems to move in the other direction, 

decaying component directly due to the 
adaptation of motion detectors and a 
more slowly decaying, more persistent 
component caused by the conditioned 
adaptation of the detectors. In condi­
tioned adaptation, although the motion 
detectors would not remain fatigued for 
the entire period during which the after­
effect persists, the spiral configuration, 
having become associated with fatigue, 

could cause the detectors to return to a 

state resembling fatigue. 
Although the concept of conditioned 

adaptation or fatigue could be useful in 
explaining the long-term persistence of 
negative aftereffects, it presents a stum­
bling block. If the various attributes of 
the inducing stimulus, such as spiral 
configuration and clockwise motion, be­
come associated with one another, one 

TILT AFTEREFFECT appears when one has looked steadily for about five minutes at the tilt. 
ed lines. Thereafter lines that are actually vertical will seem to tilt in the opposite direction. 
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CURVE AFrEREFFECT results from looking at curved lines for 10 minutes, moving the eyes 
only along the central portion. The straight lines will then appear to curve the opposite way. 

would expect to obtain positive afteref­
fects rather than negative ones. Thus. 
for example. a stationary spiral would 
appear to rotate in the direction in which 
the spiral was previously seen rotat­
ing and a colorless vertical grating em­
ployed to test for the McCollough effect 

-

would appear green if the vertical orien­
tation had been paired with green. The 
striking feature of negative aftereffects. 
however. is that when two attributes are 
combined in a stimulus. one of them 
subsequently becomes associated with 
an opposite quality of the other (move-

• 

SPATIAL VARIATIONS can also cause aftereffects, apparently because certain neurons in 
the visual system are sensitive to spatial frequencies, that is, the spacing of more or less regular 
features of something one is looking at. One can obtain the aftereffect by first looking at the 
two sets of vertical bars at the left to determine whether they are the same. Then move your 
eyes back and forth along the horizontal bar between the two sets of vertical bars for about 
five minutes. When you shift your gaze to the horizontal bar between the vertical grids at the 
right, the spatial frequency of the grid at the top will appear to be higher than that of the grid 
at the bottom. If the ilInstration is turned upside down, the spatial relations will then reverse. 
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ment in the other direction. the comple­
mentary color and so on). 

It is plausible that fatigue could be­
come associated with aspects of the 
adapting stimulus. since it is known that 
the processes of fatigue start operating 
as soon as one looks at a stimulus. When 
one views something that is constantly 
moving. the perceived velocity decreas­
es. When one looks at a colored surface. 
the color appears to become desaturat­
ed. (The reader can verify this relation 
by looking at one of the colored patches 
in the illustration on page 43. If half of 
the patch is obscured by a piece of gray 
paper that is removed after about 30 
seconds. the part of the patch that was 
covered appears to be brighter than the 
part that was exposed.) 

We have now examined two possible 
explanations of negative aftereffects: fa­
tigue and conditioned fatigue. Possibly 
they both play a role. Masland's work 
on the spiral aftereffect showed that it 
has two components. One of us (Fa­
vreau) has conducted experiments that 
suggest a further dissociation of the 
short- and long-term components of this 
aftereffect. The simple aftereffect is ob­
servable immediately after one looks at 
a spiral, and it also decreases steadily in 
strength. The color-contingent spiral af­
tereffect is not seen immediately and 
does not reach full strength for several 
minutes. The finding suggests that dur­
ing an exposure to spirals of alternating 
motion and colors. visual units sensitive 
to both directions of motion may be­
come fatigued and hence prevent the 
rapid appearance of a motion afteref­
fect. As the fatigue wears off. the effects 
of mechanisms underlying the color 
contingency may be revealed. 

If contingent aftereffects do depend 
on the formation of associative connec­
tions between visual units. the question 
arises of how such connections are es­
tablished. One possibility is that infor­
mation from different sets of feature-ex­
tracting neurons converges in a mutual­
ly 

'
interactive way at a higher level of 

visual processing. The interaction (be, 
tween. say. color and motion) would be 
recorded by a relative adaptation across 
a bank of neurons at the higher level. 
Thereafter the activation of this system 
by either of the original sets of neurons 
could re-create the impression of adap­
tation in the other set. thereby yielding 
the appropriate negative aftereffect. 

This account still relies on the notion 
of adaptation. or habituation. of neu­
rons. These hypothetical neurons. how­
ever. are at least removed from the fea­
ture-analyzing neurons that have been 
studied intensively and have not been 
observed to exhibit long-term adapta­
tion effects. Neurons of this kind. which 
store patterns of interaction by means of 
long-term habituation. may play a rath­
er general role in learning and memory. 
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BBBT and other health products 

N,N'-bis [ p-butoxybenzylidene 1 -n,n'-bi­
p-toluidine (BBBT) is a mesomorph, 
more popularly known as a "liquid 
crystal," a new addition to the long list 
of organic compounds that show inter­
esting kinds of intermolecular association 
on the way from the solid to the ordinary 
isotropically liquid state as temperature 
rises. Beginning on p. 809 of the May, 
1976 issue of Analytical Chemistry, 

workers at the National Cancer Institute 
tell how they prepared BBBT from a sim­
pler EASTMAN Organic Chemical and 
why they have found BBBT better than 
any previously known substance when 
used as the stationary phase in gas-liquid 
chromatography for detecting and dis­
tinguishing geometric isomers of poly­
cyclic aromatic hydrocarbons of interest 

as possible environmental carcinogens. 
On May 14, 1976 we logged in our first 

inquiry from a scientist who wanted to 
try BBBT but preferred to buy it instead 
of spending his time making it. He and 
all others who need it can now order it 
from lab suppliers as EASTMAN Organic 
Chemical No. 15076. 

Because of the ultimate purpose for 
which they need it, we dub it a health 
product though it would not benefit 
health if taken internally or externally. 
"Health" is today's word; "medicine" is 
used less. In naming food, clothing, and 
shelter as the basic necessities on which 
economics rests, our forebears omitted 
health. The omission has been rectified 
and we offer Directory of Kodak Prod­

ucts and Services jor Health Sciences. 

What's new in the new edition of 
Directory of Kodak Products and 
Services for Health Sciences 

Nothing that can be considered med­
icine, but here's what's new in it, 
examples of necessities in today's 
health enterprise: 

Photographic processing equip­
ment 

Photographic facilities design 
services 

Silver recovery 
Microfilm processing services 
Light filters and attenuators 
Eleven societies or associations 

with relevant photographic in­
terests 

Copying and duplicating equip­
ment for paper 

A new table of data on films for 
copying and duplicating, with 
emphasis on rapid techniques 
for high-quality lecture slides 

Kodak instant cameras and Kodak 
instant films 

Revised naming system for Kodak 
radiographic products 

Veterinary radiography and pho­
tography 

Products for nuclear medicine, en­
doscopic photography, radiation 
dosimetry 

All tables concerning films and 
photographic p apers brought 
together in a single section 

Tear-out order forms for 29 
Kodak publications and for 
specialized product catalogs 

From the complexes that dot the 
continent in the name of health and 
the knowledge of threats to health, 
requests for the Directory. (HS-J) 
should go to Dept. 55W, Kodak, 
Rochester, N. Y. 14650. 
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SCIENCE AND THE CITIZEN 
The Nobel Prizes 

T
he 1976 Nobel prizes in science 
were awarded to two physicians 
for discovering the origin and 

mechanisms of certain infectious diseas­
es, to two physicists for the independent 
and simultaneous discovery of a new el­
ementary particle, to a chemist for solv­
ing the bonding mechanisms and struc­
tures of boron compounds and to an 
economist for his studies of the role of 
money and of consumer income con­
sumption in economic theory. Each of 
the four prizes this year is valued at 
about $160,000. 

The prize in medicine was shared by 
Baruch S. Blumberg of the Institute for 
Cancer Research in Philadelphia and 
D. Carleton Gajdusek of the National 
Institute of Neurological Diseases and 
Stroke. In the early 1960's Blumberg 
studied some 100,000 blood samples 
taken from widely diverse popula­
tions-American Indians, Africans, Es­
kimos, East Asians and Pacific island­
ers-trying to discover how genetic vari­
ations influence susceptibility to disease, 
particularly hepatitis. In 1963 he discov­
ered in the blood serum of an Australian 
aborigine a clue to the virus that causes 
one of the two forms of hepatitis. He 
found that the serum contained an anti­
gen that reacted with an antibody in the 
serum of a patient with hemophilia. Evi­
dently the patient had acquired the anti­
body from an unidentified blood donor 
in the course of one of numerous blood 
transfusions. 

Subsequently Blumberg and his col­
leagues were able to show that the "Aus­
tralia antigen" was part of the virus that 
causes the most severe form of hepati­
tis, hepatitis B. Recently Blumberg has 
found evidence that the virus can also 
cause primary liver cancer, which is rare 
in the U.S. but is a major health problem 
in some parts of the world. Although no 
way has yet been found to grow the vi­
rus in the laboratory, a vaccine against 
hepatitis B can be made with the serum 
from donors whose blood is rejected for 
transfusion because it gives a positive 
test for the Australia antigen. The vac­
cine is now being produced for testing 
by Merck & Co. If the vaccine is effec­
tive against hepatitis B, it could conceiv­
ably protect as well against the liver can­
cer the virus causes. 

The investigation that earned Gajdu­
sek his share of the award began nearly 
20 years ago when he was traveling in 
Australia and heard about kuru, a usu­
ally fatal disease that afflicted the Fore 
people, a cannibalistic tribe in New 
Guinea. Gajdusek set up a research sta­
tion in one of the Fore villages and ob­
tained bodies of kuru victims for autop-
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sy by trading axes and tobacco. He final­
ly established that kuru was caused by a 
virus that attacks the central nervous 
system. The victims of the disease had 
acquired it through a ritual practice that 
involved eating the brain of the recently 
deceased. The kuru virus closely resem­
bles another slow-acting virus that caus­
es scrapie, a disease that destroys the 
nervous system in sheep. It is suspected 
that similar slow-acting viruses may be 
responsible for multiple sclerosis, Par­
kinsonism and other poorly understood 
neurological diseases. 

The prize in physics was awarded to 
Burton Richter of Stanford University 
and to Samuel C. C. Ting of the Massa­
chusetts Institute of Technology, each a 
leader of a large group of experimental 
physicists engaged in a search for new 
elementary particles. Richter's group 
conduct<id its experiments at the Stan­
ford Linear Accelerator Center (SLAC) 
in California. Ting's group worked at 
the Brookhaven National Laboratory in 
New York. The new particle they found 
independently in November, 1974, 
called the psi particle by Richter and the 
J particle by Ting, was totally unpredict­
ed by theory. Indeed, one leading theo­
rist advised Ting that his proposed 
search would be fruitless because there 
were no new particles in the energy 
range Ting planned to explore. Ting de­
cided to proceed anyway, since, he says, 
"I usually do not have much confidence 
in theoretical arguments." 

Beginning in the summer of 1972 
Ting's group assembled a massive parti­
cle spectrometer involving a complex 
system of magnets and detectors adja­
cent to the Brookhaven 33-GeV (billion­
electron-volt) synchrotron. The con­
crete shielding alone weighed 10,000 
tons. The spectrometer was designed to 
search for long-lived neutral particles in 
the region of masses equivalent to ener­
gies between 1.5 and 5.5 GeV. It was 
assumed that the particle, if it existed, 
would decay into a pair of electrons and 
positrons whose energy would peak at 
some value corresponding to the mass 
of the parent particle. The detection 
equipment had to be sensitive enough to 
select one significant event out of a 
background of between a million and 
100 million similar but nonsignificant 
events. The first positive results were ob­
tained in August, 1974. By October, 
Ting had strong evidence for a new neu­
tral particle with a mass of 3.1 GeV 
(about three times the mass of a proton). 

Meanwhile, over nearly the same pe­
riod beginning in 1973, Richter and his 
colleagues at SLAC had been assem­
bling detectors to look for new particles 
that might be produced by collisions be­
tween positrons and electrons in the 

Stanford Positron-Electron Accelerat­
ing Ring (SPEAR). The ring stores and 
circulates counterrotating positrons and 
electrons injected with energies of up to 
4.5 GeV by the Stanford two-mile linear 
accelerator. By October, 1974, Richter's 
group had obtained preliminary evi­
dence for a new particle with a mass of 
3.1 GeV. By Sunday, November 10, the 
evidence was conclusive. A paper de­
scribing what the Stanford team called 
the psi particle was drafted that evening. 

The next morning theI;e was a routine 
meeting of the SLAC scheduling com­
mittee of nine members, which advises 
SLAC on the acceptance of new propos­
als. Ting was one of the visiting mem­
bers. Richter recalls that when he met 
Ting that morning, Ting said, "Burt, I 
have some interesting physics to tell you 
about." To which Richter replied, "Sam, 
I have some interesting physics to tell 
you about." This was the first either had 
heard of the other's exciting discovery. 
The two papers announcing the psi! J 
particle were published simultaneously 
within the week. To theorists the new 
particle and the subsequent discovery of 
still heavier particles in the same family 
(psi', psi" and psi"') provide nearly con­
clusive evidence that the building blocks 
of hadrons (particles, such as the proton 
and various mesons, that "feel" the nu­
clear force) include a "charmed" quark 
in addition to the basic three quarks pro­
posed some years ago (see "Quarks with 
Color and Flavor," by Sheldon Lee Gla­
show; SCIENTIFIC AMERICAN, October, 
1975). 

William N. Lipscomb was awarded 
the prize in chemistry primarily for 
studies begun at the University of Min­
nesota in the late 1940's and continued 
at Harvard University after 1959. Lip­
scomb set himself the task of determin­
ing the structure of boranes, compounds 
of boron and hydrogen, that had resist­
ed earlier attempts at elucidation. The 
primary difficulty lay in understanding 
the bonding mechanism that produced 
compounds with such curious atomic 
ratios as B2Hs, B5H9, B5Hu, BlOH14 
and B1SH22. Although such formulas 
superficially resemble those of some 
hydrocarbons, it was clear that boron 
and hydrogen atoms were not linked 
together by the typical covalent bond 
found in hydrocarbons. In that bond ad­
jacent carbon atoms or a carbon atom 
and a hydrogen atom normally share 
two electrons. Thus the normal covalent 
bond is a "two-center" one. 

By using X-ray-diffraction techniques 
to study single crystals of boranes at 
extremely low temperatures, Lipscomb 
found that the typical borane structure 
is based on a "three-center" bond in 
which a bonding pair of electrons is 
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shared equally by three atoms. The ge­
ometry of the three-center bond lends 
itself to borane structures that build up 
into precise and beautiful polyhedral 
patterns. Lipscomb and his co-workers 
have also applied quantum-mechanical 
calculations to determine (and in many 
cases predict) the stability and reactions 
of borane molecules under diverse con­
ditions. In recent years Lipscomb has 
turned his attention to proteins. deci­
phering the three-dimensional structure 
of carboxypeptidase A. the largest glob­
ular protein yet to be elucidated with 
high resolution. 

The prize in economic sciences was 
awarded to Milton Friedman of the 
University of Chicago for "his achieve­
ments in the fields of consumption anal­
ysis. monetary history and theory. and 
for his demonstration of the complexity 
of stabilization policy." A onetime ad­
viser to Barry Goldwater and Richard 
Nixon. Friedman is widely recognized 
as the most conservative of the country's 
major economists and by far the most 
influential. He has advocated such 
things as the abolition of social security. 
the deregulation of industry and cre­
ation of a voucher system that would 
allow parents to choose their children's 
public schools. He has been strongly 
criticized for giving a recent series of 
lectures to bankers in Chile. 

Friedman's major scholarly work is A 
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Monetary History 0/ the United States. 
1867-1960. coauthored with Anna J. 
Schwartz. in which he develops the theo­
ry that the economic cycle is determined 
more by money supply and interest rates 
than by fiscal policy. His Chicago "mon­
etarist school" expounds the doctrine 
that "money matters." or. more strong­
ly. "only money matters." Friedman has 
argued. for example. that when the Fed­
eral Reserve Board reduced the nation's 
money supply in the 1930·s. it turned 
what would have been no more than a 
recession into the Great Depression. 

Molecular Medicine 

F
amilial dysautonomia. a recessive­

ly inherited neurological disorder 
found in Jews of eastern or central Eu­
ropean origin. is characterized by insta­
bility of the autonomic nervous system. 
impaired perception of pain. tempera­
ture and taste. absent overflow tears. di­
minished or absent deep tendon reflexes 
and the inability to coordinate volun­
tary muscular movements. Since the dis­
ease is hereditary. some molecular de­
fect must be involved. but until recently 
its nature has been obscure. Now Da­
vid C. Siggers and his collaborators at 
the Johns Hopkins University School 
of Medicine and Johns Hopkins Hospi­
tal and the Stanford University School 
of Medicine have presented evidence in 

The New England Journal 0/ Medicine 
that an abnormality of nerve-growth 
factor. a hormone like substance in­
volved in the development of the ner­
vous system. may be implicated in dys­
autonomia and related syndromes. 

The existence of nerve-growth factor 
(NGF) has been known since 1952. 
when Rita Levi-Montalcini. who is now 
at Washington University. discovered 
that some mouse tumors release a pro­
tein substance that selectively enhances 
the growth and differentiation of two 
classes of nerve cells: embryonic senso­
ry neurons during an early phase of their 
development and sympathetic neurons 
(peripheral nerve cells that secrete adre­
nalin) throughout their life cycle. The 
factor was subsequently found in large 
quantities in snake venoms and in 
mouse salivary glands. and in trace 
amounts in the blood and tissues of sev­
eral mammals. including man. When a 
minute amount of NGF is added to an 
isolated sympathetic ganglion in a labo­
ratory tissue culture. projections sprout 
in large numbers fro\ll the cell cluster. 
forming a halo of nerve fibers around 
it in six to 10 hours. Parasympathetic 
ganglia (composed of nerve cells that 
secrete acetylcholine). however. do not 
respond to NGF. 

The marked differential effect of 
NGF on different cell populations 
comes more sharply into focus when 
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antibodies specific for purified mouse 
NGF. made in the blood of goats. rab­
bits or horses. are injected into newborn 
rodents. Such injections result in the se­
lective destruction of nerve cells in sym­
pathetic ganglia. giving rise to a spec­
trum of severe functional disorders. The 
similarity of the symptoms in laborato­
ry animals given anti-NGF to those in 
human patients with familial dysauto­
nomia first aroused the suspicion of Sig­
gers and his collaborators that NGF 
might somehow be involved in the dis­
ease. To investigate the question they 
examined NGF from the blood of dys­
autonomic and normal subjects for dif­
ferences in the structure and function of 
the molecule. Two functional assays­
ability to produce sprouting from a 
sympathetic ganglion in vitro. and de­
gree of binding to a membrane fraction 
of sympathetic nerve cells-gave similar 
results for both groups. When NGF lev­
els were determined by measuring the 
amount of binding to radioactively la­
beled anti-NGF antibodies. however. 
the results showed a striking discrepan­
cy: dysautonomics. compared with nor­
mal subjects. had a threefold increase in 
blood-serum levels of a substance im­
munologically equivalent to NGF. 

The minute amounts of NGF in hu­
man blood are close to the lower limit of 
resolution of the functional assays. and 
Siggers and his collaborators warn that 
their results are not unequivocal. Never­
theless. the large discrepancy between 
the levels of NGF measured by func­
tional criteria and those measured by 
antigenic criteria suggests an abnormal­
ity of NGF in dysautonomia. Siggers 
and his collaborators speculate that 
dysautonomics have high levels of a 
substance that is structurally similar to 
NGF (and hence is able to cross-react 
with the anti-NGF antibody) but that is 
physiologically inactive. This substance 
could well be a hypothetical precursor 
of NGF (analogous to proinsulin. the 
precursor of insulin) that might ac­
cumulate because of an abnormality 
in some step essential to its later proc­
essing. Alternatively the cross-reacting 
substance could be the result of a muta­
tion in the gene coding for the NGF pro­
tein. The mutant NGF molecule would 
have a shape slightly different from that 
of the normal molecule and so would be 
biologically less active. perhaps causing 
the body to compensate by synthesizing 
more of it; in this way a higher amount 
of NGF antigen could result without a 
corresponding increase in biological ac­
tivity. In both cases. however. the nor­
mal results of the functional assays are 
puzzling. since they would appear to be 
inimical to the development of disease. 

The latter paradox makes it seem 
more likely that the elevated level of 
NGF antigen in dysautonomics is sec­
ondary to some other abnormality rath­
er than being the primary molecular 
defect. This hypothesis. however. is in 

itself an advance. By finding such an 
elevation the authors have strength­
ened the notion that the origin of the dys­
autonomia lies somewhere within the 
scope of function influenced by NGF. 

The Optical Telephone 

A
fundamental change that appears 
likely to be made in telephone tech­

nology within a few years involves the 
transmission of messages with light 
waves rather than electrical or radio 
waves. The reason is that the quantity of 
information that can be carried by a 
communication channel, such as a pair 
of telephone wires. rises with the fre­
quency of the signal, and the frequency 
of light waves is roughly 1.000 times the 
frequency of the shortest radio waves. 
Bell Laboratories and the Western Elec­
tric Company are now making the first 
prolonged test of a prototype light-wave 
system at their joint facility in Atlanta. 
The results so far hold the promise that 
light-wave communication will be in 
wide use in metropolitan areas by the 
early 1980's and will be employed soon­
er than that in special applications. 

The prototype system includes as the 
light source a tiny gallium aluminum ar­
senide laser that is turned on and off 
44.7 million times per second by a mod­
ulator circuit. The signals travel a total 
of 40 miles by shuttling back and forth 
in a 2.100-foot cable carrying 144 opti­
cal fibers. thin glassy filaments consist­
ing of doped silica. The filaments have 
an extremely high transparency. which 
is necessary to avoid excessive loss of 
the signal with distance. The experiment 
showed that the filaments will carry a 
signal for more than four miles before it 
is necessary to regenerate the light pul­
ses with a repeater. At the receiving end 
of the cable the signal is picked up by a 
small photodetector that converts the 
light pulses into electrical signals that 
are compatible with conventional tele­
phone equipment. 

A cable of the size laid for the proto­
type system could carry some 50.000 
messages at a time (672 in each pair of 
optical fibers). The first application en­
visioned by the Bell System for optical 
communication is the transmission of 
information between telephone switch­
ing systems in metropolitan areas where 
space in underground conduits is limit­
ed and where much of the information 
that is now transmitted is in digital, or 
pulsed. form and can be accommodated 
readily by a pulsed system. 

Sweaty Palms 

I
n the pseudoscientific procedure re­

ferred to as Kirlian photography a 
person typically places a finger. which 
has been wired to a high-voltage source. 
on a piece of photographic film that is 
separated by a dielectric layer from a 
second electrode in the same circuit. 

When an electric potential is applied be­
tween the finger and the isolated elec­
trode. a photographic image is obtained 
that consists of an array of bright 
"streamers" seemingly emanating from 
the fingertip. The dominant source of 
energy responsible for the formation of 
the image appears to be a corona dis­
charge: a low-current ionization phe­
nomenon that takes place in the atmo­
sphere at electric-field strengths below 
the threshold at which a spark can form. 

The practice of Kirlian photography. 
developed primarily by a Russian elec­
trician named Semyon D. Kirlian and 
his wife Valentina. has attracted consid­
erable attention in recent years. owing 
largely to assertions by parapsycholo­
gists and others that variations in the 
structure and color of such photograph­
ic images can be related in some way to 
changes in the physiological, psycholog­
ical or "psychic" states of the subject. 
An exhaustive series of tests of the Kirl­
ian technique has now been conducted 
by a multidisciplinary team of investiga­
tors "to determine to what extent ob­
served image modulation can be ex­
plained by gaseous discharge processes 
and whether other processes contribute 
to the resultant image." The general 
conclusion of the study is that "a princi­
pal determinant of the form and color of 
Kirlian photographs of human subjects" 
is moisture. presumably a product of 
sweaty palms. 

The results of the new study were re­
ported in Science by the three principal 
investigators: John O. Pehek and David 
L. Faust. both of the department of 
physics and atmospheric science at 
Drexel University. and Harry J. Kyler. a 
psychologist on the faculty of Vill�nova 
University. Support for their work was 
provided by the Advanced Research 
Projects Agency of the Department of 
Defense. 

In a summary of their findings Pehek. 
Faust and Kyler state that "photograph­
ic images obtained by the Kirlian tech­
nique are principally a record of corona 
activity during an exposure interval. 
Most of the variations in the images of 
the corona of a living subject who is in 
contact with the photographic film can 
be accounted for by the presence of 
moisture on or within the subject's sur­
face. During exposure. moisture is 
transferred from the subject to the 
emulsion surface of the photographic 
film and causes an alteration of the elec­
tric charge pattern on the film. hence the 
electric field at the surface of the sub­
ject. As a result. large variations in 
the density of corona images. corona 
streamer trajectories. and image colora­
tion can be brought about." 

In the future. the investigators sug­
gest. the technique (which they prefer 
to call corona-discharge photography) 
"may be useful in the detection and 
quantification of moisture in animate 
and inanimate specimens through the 
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orderly modulation of the image due to 
various levels of moisture." 

The Floods of Mars 

O
ne of the most exciting discoveries 

made by the spacecraft Mariner 9 
as it traveled in orbit around Mars in 
1972 was evidence of abundant surface 
erosion resembling channels carved by 
torrents of running water on the earth. 
No fewer than 24 major channels-sev­
eral kilometers wide. as much as a ki­
lometer deep and hundreds of kilome­
ters long-were located in the equatorial 
and middle latitudes of the planet. Both 
their fresh appearance and the apparent 
rarity of meteorite craters superposed 
on them led analysts of the Mariner im­
agery to the preliminary conclusion that 
fluvial erosion had been a feature of the 

Martian environment within the past 
few hundred million years or perhaps 
even more recently. 

Writing in Journal 0/ Geophysical Re­
search, Michael C. Malin of the Jet Pro­
pulsion Laboratory of the California In­
stitute of Technology now reports that a 
more refined study of craters and other 
features superposed on several of the 
channels (see illustration below). together 
with a recalculation of the probable rate 
of past meteorite impacts on the Mar­
tian surface. has radically changed the 
estimated age of the Martian fluvial fea­
tures. Far from being merely hundreds 
of million years old. they appear to be 
among the older features of the Martian 
surface. They were evidently formed 
during the "terminal bombardment" of 
Mars early in the history of the solar 
system some four billion years ago. 

Channel on Mars 700 kilometers long appears in this Mariner 9 mosaic. Note craters in channel 
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Superfluid Helium 3 
At a temperature a few thousandths of a degree above absolute 
zero this isotope of helium becomes able to Row through tiny 
pores without friction and exhibits bizarre magnetic effects 

by N. David Mermin and David M. Lee 

O
ne of the less publicized frontiers 

of physical science lies in the 
realm of ultralow temperatures. 

This frontier opened up in 1911, when 
the first liquefaction of gaseous helium 
made it possible to achieve tempera­
tures as low as a few degrees Kelvin 
(degrees Celsius above absolute zero). 
Today cryogenic techniques have pro­
gressed to the point where the properties 
of matter can be studied down to tem­
peratures within a few thousandths of a 
degree above absolute zero. 

There is a powerful incentive for per­
forming such experiments. The behav­
ior of matter is governed by the funda­
mental system of physical laws known 
as the quantum theory. Although all 
matter is subject to the laws of the quan­
tum theory, ordinarily those laws are 
most strikingly manifested only on the 
microscopic scale of atoms and their 
constituent particles. Quantum effects 
are also displayed in the behavior of 
bulk matter, but the most spectacular 
and most interesting of such effects are 
obscured or even completely obliterated 
by the random thermal agitation of the 
atoms. Every advance in cryogenic tech­
niques that lowers the range of accessi­
ble temperatures by another factor of 10 
pulls back the curtains around still an­
other level of bulk quantum behavior, 
often with quite unpredictable scientific 
and technological benefits. 

The phenomenon known as super­
fluidity is probably the most spectacular 
example of quantum behavior in bulk 
matter that research at low tempera­
tures has yet uncovered. Superfluidity is 
displayed within a few degrees of abso­
lute zero by helium 4, the liquid form of 
the most abundant isotope of helium, 
the isotope with mass number 4. Under 
the name of superconductivity, super­
fluidity is also displayed by the conduc­
tion electrons in a great many metals 
and alloys, at temperatures that depend 
on the particular material but that are 
never more than about 25 degrees above 
absolute zero. 

Superfluids contradict all intuition 
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about how matter ought to behave. A 
superfluid can move in apparent defi­
ance of the ordinary laws of friction, 
flowing effortlessly past obstructions 
sufficient to retard or entirely block the 
flow of a normal liquid. Superfluids can 
establish persistent circulatory currents 
that show little if any tendency to die 
away. When a vessel containing super­
fluid helium 4 is slowly rotated, the liq­
uid may refuse to participate fully in the 
rotation. In a somewhat similar display 
of abnormal behavior the electron fluid 
in a superconducting metal may refuse 
to allow an external magnetic field to 
penetrate the metal. When the field is 
applied, the electrons, which carry an 
electric charge, produce whatever elec­
tric currents are required to generate an 
opposing field of the same strength as 
the applied one. The external field is 
canceled by this internal one and is 
therefore unable to penetrate the super­
conducting medium. 

Until a few years ago superfluidity 
had been observed only in helium 4 and 
in superconductors. In 1971. however, a 
third form of superfluidity was discov­
ered in liquid helium 3, the lighter and 
much rarer of the two nonradioactive 
helium isotopes. Since two isotopes of 
the same element ordinarily have quite 
similar properties, this might not seem a 
significant discovery. The two helium 
isotopes, however, are exceptions to the 
rule: their solid and liquid forms differ 
strikingly in almost all properties. In­
deed, from the mid-1930's to the mid-
1950's there was good reason to believe 
helium 3 could not become a superfluid, 
and it is now known that the mechanism 
for superfluidity in helium 3 is very dif­
ferent from that in helium 4. 

In fact, the recent discovery of super­
fluidity in helium 3 has furnished us 
with a spectacularly different superfluid. 
Although the two helium superfluids 
share many characteristic superfluid 
flow properties, to bring about super­
fluidity in helium 3 requires a tempera­
ture almost 1.000 times lower than that 
needed to do so in helium 4. Where liq-

uid helium 4 has one normal phase and 
one superfluid phase, helium 3 has a 
normal phase and three distinct super­
fluid phases. The helium-3 superfluids 
are magnetic. Furthermore, the super­
fluid phases of helium 3 are inherently 
anisotropic: measurements of their 
properties made in one direction can 
give quite different results from the 
same measurements made in other di­
rections. These curious phenomena, like 
those seen in superfluid helium 4 and in 
superconductors, are all related to di­
rect macroscopic manifestations of the 
quantum theory. Indeed, the quantum 
theory must be invoked even to explain 
the sizable differences between the two 
normal helium liquids, and for that mat­
ter to explain why they are liquid at all. 

The Two Helium Isotopes 

The helium isotopes are unique 
among all known liquids in refusing to 
freeze at ordinary pressure no matter 
how low the temperature; in principle 
they could be cooled all the way to abso­
lute zero and still remain liquid. Solid 
helium can be formed only by cooling 
the liquid under pressure. 

Cooling a substance reduces the aver­
age kinetic energy of its atoms or mole­
cules; if the temperature is made low 
enough, the molecules lack the kinetic 
energy needed to overcome the intermo­
lecular forces tending to bind them rig­
idly together. The molecules then lose 
their mobility and are confined to fixed 
positions: the substance becomes solid. 

The failure of helium to freeze is due 
in part to the feebleness of the forces 
between its atoms. Helium is one of the 
inert or noble gases, the group of ele­
ments that also includes neon, argon, 
krypton and xenon. The interatomic 
forces in all these elements are excep­
tionally weak. Yet all but helium do 
freeze without the application of pres­
sure if the temperature is low enough. 

The failure of helium to solidify is 
perhaps the simplest way in which this 
extraordinary substance reveals the 
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laws of the quantum theory at work. In 
liquid helium. no matter how low the 
temperature. the atoms retain enough 
kinetic energy to overcome the attrac­
tive interatomic forces. This blatantly 
contradicts the classical (that is. pre­
quantum-theoretical) view that at abso-

lute zero the average kinetic energy is 
necessarily zero. so that the atoms sit 
motionless at fixed positions. 

According to the quantum theory. 
this prediction is not precisely correct 
because it conflicts with the uncertainty 
principle. which states that the position 

and the momentum of a particle cannot 
be simultaneously specified with unlim­
ited accuracy. In particular. if the posi­
tion of an atom is rather precisely 
known. as it is in a solid. then the mo­
mentum or the kinetic energy of the 
atom must be uncertain by some small 

SUPER FLUID PHASES 

EJ 
SOLID NORMAL LIQUID 

PRESSURE 

TEMPERATURE 

FIVE PHASES OF HELIUM 3 (in addition to the gas phase) are found at the temperatures, pressures and mag­
netic-field strengths given in this three-dimensional graph. They are the normal liquid phase, three superftuid 
phases and the solid phase. Regions corresponding to the different phases are separated by surfaces. For example, 
if at high pressures (near the top of the liquid region) the temperature is reduced, a point representing the system 
passes first through a surface marking the transition between the normal liquid and the superftuid phase designat­
ed A 1; further cooling brings another transition to the super8uid phase A. If the magnetic field is reduced to zero, 
the A 1 phase is no longer present. Further cooling from the A phase reveals a third superftuid phase, B. The black 
dot at the back of the diagram where all three superftuid surfaces intersect is known as the poly critical point. Be­
low the poly critical pressure superftuid phase B can be entered directly from normal phase in zero magnetic field. 
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HE-3 SUPERFLUID TRANSITION 

TRANSITION TEMPERATURES for liq­
uid-vapor phase changes in helium are the 
lowest of those for all the elements; at the 
boiling point of helium all other substances 
are frozen. Super8uid transition temperature 
of helium 3 is roughly 1,000 times lower than 
that of helium 4. The temperatures are on the 
Kelvin scale, in which absolute zero (-273.15 
degrees Celsius) is taken to be zero degrees. 
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but finite amount. Conversely. a particle 
cannot have exactly zero kinetic energy 
and at the same time occupy a definite 
position. In the well-ordered crystalline 
array of the solid state the position of an 
atom is specified with great precision. 
and so the kinetic energy cannot be pre­
cisely zero. Even at absolute zero the 
atoms retain a certain "zero-point kinet­
ic energy" and are therefore not alto­
gether stationary. 

Other things being equal, an object's 
zero-point energy increases as its mass 
decreases. Zero-point motion is so small 
as to be inconsequential for any object 
of greater than microscopic mass. Even 
the zero-point motion of a single atom is 
generally not of major importance. The 
helium atom. however. is the least mas­
sive of all the noble-gas atoms and 
therefore has a relatively large zero­
point motion. Except at high pressures 
the combined effect of this large zero­
point motion and the extremely weak 
interatomic forces is to prevent the for­
mation of a stable solid phase. whatever 
the temperature. It is a curious coinci­
dence that the same two properties of 
low atomic mass and weak interatomic 
forces that are ultimately responsible 
for the profound importance of helium 
to physicists are also directly responsi­
ble for its usefulness in balloons. 

Quantum-mechanical effects not only 
are responsible for the instability of sol­
id helium but also must be invoked to 
explain why even the simplest physical 
properties of the isotopes helium 3 and 
helium 4 differ significantly. With the 
exception of their atomic mass the iso­
topes of a single element are all but 
indistinguishable in their commonest 
physical and chemical properties. Per­
haps the best-known example of this is 
afforded by the isotopes uranium 235 
and uranium 238. which are so similar 
that merely separating them requires he­
roic efforts. Mixtures of liquid helium 3 
and helium 4. in striking contrast. can 
spontaneously separate at certain tem­
peratures. the two isotopes being immis­
cible. like oil and vinegar. 

In nature almost all helium is helium 
4; helium 3 has been obtainable in 
amounts large enough to provide more 
than a few drops of the liquid only since 
World War II. Helium 3 is formed by 
the radioactive decay of tritium. the 
heaviest isotope of hydrogen; the triti­
um is produced in a nuclear reactor. 

Atoms of helium 3 and helium 4. like 
those of any other pair of isotopes. are 
almost identical in structure apart from 
the tiny central nucleus. Except for the 
nucleus each atom consists of a cloud of 
negative electric charge generated by 
two electrons. and for two isotopes of 
the same element these electron clouds 
are virtually indistinguishable in size 
and shape. In general two isotopes of the 
same element are so similar because 
most of the familiar physical and chemi­
cal properties of an element are deter-

mined entirely by its electronic struc­
ture. The chemical inertness of both he­
lium 3 and helium 4 is one example of 
such similarity. but in almost all other 
respects the liquid forms of the two iso­
topes are surprisingly different. 

The disparate behavior of the two iso­
topes is surprising because the only sig­
nificant difference between them lies in 
the nuclei-of the atoms. Helium 4 has 
two protons and two neutrons in its nu­
cleus; helium 3 has two protons but only 
one neutron. If quantum effects are ig­
nored. the only result of this difference is 
that helium 3 is the lighter substance. its 
mass per atom being about 25 percent 
less than that of helium 4. According to 
the principles of classical physics. this 
difference in mass should have no effect 
on the thermal properties of the two liq­
uids. Yet helium J boils at a tempera­
ture about 25 percent lower than the 
boiling point of helium 4. and it requires 
a pressure roughly 25 percent greater 
for its solid phase to be stable. These 
discrepancies can be accounted for in 
large measure by the effect of the atom­
ic-mass difference on the quantum zero­
point energy. Since helium 3 is less mas­
sive than helium 4. its zero-point motion 
is greater. Therefore helium-3 atoms re­
quire less thermal energy in order to es­
cape from the liquid into the vapor and 
more pressure must be applied to con­
fine them to the rigid network of the 
solid state. 

Properties of Helium Nuclei 

To account for most of the remaining 
differences between liquid heiium 3 and 
liquid helium 4 one must appeal to 
properties of the atomic nucleus rather 
less familiar than its total mass. The nu­
cleus of the helium-3 atom spins on its 
axis at a fixed and permanently unalter­
able rate. like a gyroscope provided with 
a specified dose of rotational energy and 
freed forever from frictional slowing 
down. The nucleus of helium 4 does not 
spin at all. 

Closely related to the presence or ab­
sence of nuclear spin. the helium-3 nu­
cleus is a permanent magnet. with its 
poles lying along the axis of spin rota­
tion. The nucleus of a helium-4 atom is 
nonmagnetic. 

To describe the most important differ­
ence between the nuclei of helium 3 and 
helium 4 we must examine more closely 
the way particles are described by the 
quantum theory. According to the quan­
tum theory. properties are allotted to 
particles and atoms only in discrete 
units. or quanta. Electric charge is a fa­
miliar example: in all observed particles 
and systems of particles its magnitude is 
invariably some integral multiple of the 
electric charge of an electron or a pro­
ton. This fact can be conveniently ex­
pressed by assigning every particle an 
electric-charge quantum number. which 
simply gives the magnitude of that parti-
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cle's charge and can assume only the 
discrete values observed. 

A less familiar and rather more star­
tling example is the fixed and perma­
nently unalterable rate at which spin­
ning particles do their spinning. These 
rates are also confined to a set of discrete 
possible values, and the value that char­
acterizes the spin of a given type of par­
ticle is as permanent a property of that 
particle as its electric charge. 

The charge and spin of a particle are 
examples of quantum numbers with a 
single definite value that is characteristic 
of that species of particle. There are oth­
er quantum numbers, however, that can 
have a range of discrete values for a giv­
en particle. These quantum numbers 
specify the motion of the particle as a 
whole. Their values give information 
about the position or momentum of the 
particle. 

All the information it is possible to 
collect about what a particle is doing at 
any moment can be expressed by listing 
the values of all the particle's quantum 
numbers. Such a list of quantum num­
bers is said to define the state of the par­
ticle. A specification of a particle's state 
contains everything it is possible to say 
about the particle, including (within the 
limits set by the uncertainty principle) 
information about its position, its mo­
mentum and its kinetic energy. 

In describing liquid helium 3 or liquid 
helium 4 or in describing the conduction 
electrons in a superconducting metal 
one is studying the behavior of large 
groups of identical particles. There is a 
class of elementary particles known as 
fermions, of which electrons, protons 
and neutrons are the most familiar and 
important examples, whose behavior in 
the aggregate is limited by the rule that 
no two fermions of the same type can be 
in precisely the same state. Given two 
electrons, for example, at least one of 
their quantum numbers must differ. No 
two fermions can behave exactly the 
same way. The application of this law to 
the orbits of electrons in atoms is funda­
mental to the theoretical explanation of 
the periodic table of the elements, but it 
also comes into play in many less famil­
iar contexts and is of fundamental im­
portance in understanding the difference 
in the properties of liquid helium 3 and 
liquid helium 4. 

Not all elementary particles are fer­
mions. There is a second class of parti­
cles called bosons, of which photons and 
pi mesons are examples. Although two 
fermions are prohibited from being in 
the same state, for bosons there is no 
equivalent principle of segregation. Bo­
sons can be brought together in a single 
state in unlimited numbers. Indeed, un­
der certain conditions a significant frac­
tion of all the bosons in a large system of 
particles can occupy precisely the same 
quantum state. This bunching of bosons 
into the same quantum state is known as 
Bose-Einstein condensation. A collec-

HELIUM 4 HELIUM 3 

HELlUM-4 NUCLEUS HELlUM-3 NUCLEUS 

ELECTRONIC STRUCTURES OF HELIUM ISOTOPES are almost precisely the same. 
The atoms of both helium 4 and helium 3 have two electrons, which form a spherical cloud of 
negative electric charge surrounding the nucleus (top). The two atoms differ significantly only 
in their nuclei, which are about 100,000 times smaller in diameter than the surrounding elec­
tron clouds. The helium-4 nucleus consists of two protons and two neutrons; the helium-3 
nucleus has two protons but only one neutron (greatly enlarged at bottom). The physical and 
chemical properties of all other materials are determined almost entirely by the electronic 
structure of their atoms, but in helium the differences in nuclear structure give rise to many 
pronounced differences in behavior of both the liquid and the solid forms of the two isotopes. 

AXIS OF SPIN ROTATION 
AND DIRECTION OF 
NUCLEAR MAGNET 

HELIUM 3 HELIUM 4 

NUCLEAR PROPERTIES of helium 3 and helium 4 differ. The helium·3 nucleus spins like 
a gyroscope and behaves magnetically as if it were a permanent bar magnet oriented along the 
axis of spin rotation. The vertical arrow indicates the direction of a magnetic pole; the equa. 
torial arrow indicates the spin. The helium·4 nucleus possesses neither spin nor magnetism. 

59 
© 1976 SCIENTIFIC AMERICAN, INC



tion of bosons may or may not be Bose­
Einstein condensed. For a system of fer­
mions, however, such condensation is 
strictly prohibited. 

Every known elementary particle 
(and according to current theoretical 
views, all those particles yet to be dis­
covered or invented) is either a boson or 
a fermion. Nuclei or atoms (such as 
those of either helium isotope) are com­
posite particles. Every nucleus is com­
posed of elementary protons and neu­
trons, and every atom has in addition a 
cloud of elementary electrons surround­
ing its nucleus. Atoms are hence com­
posed of three types of elementary parti­
cles, all of which are fermions. 

The aggregate behavior of identical 
composite particles made out of two or 
more fermions is subject to the same re­
strictions as the behavior of elementary 
particles. Whether such composite par­
ticles are bosons or fermions is deter­
mined by a very simple rule: Particles 
composed of an odd number of fer­
mions (of which a single fermion is the 
simplest example) behave like fermions, 
whereas particles composed of an even 
number of fermions behave like bosons. 
Thus helium 4, consisting of two elec­
trons bound to a nucleus of two protons 
and two neutrons, is a boson because it 
is composed of six fermions, whereas 
helium 3, with one less neutron in its 

ELECTRONS 

nucleus, is composed of only five fer­
mions and is therefore itself a fermion. 
It is this arcane distinction that leads to 
the most profound of all the differences 
between the two helium liquids. 

The Superfluid Transition 

Manifestations of superfluid behavior 
in helium 4 were first observed in 1911 
shortly after the first liquefaction of he­
lium, and by the late 1930's most of the 
characteristic superfluid behavior had 
been observed. When the temperature 
of liquid helium 4 falls below 2.17 de­
grees Kelvin there is a sudden and dis­
continuous change in its properties. Be­
low this transition temperature liquid 
helium 4 abruptly becomes a perfect 
conductor of heat, and it acquires the 
ability to leak with frictionless ease 
through minute cracks and pores that 
are completely impenetrable at higher 
temperatures. 

It was suggested in the 1930's that the 
superfluid transition in liquid helium 4 
might be related to Bose-Einstein con­
densation, and it was recognized that if 
that were the case, then liquid helium 3, 
being composed of fermions, should not 
have a superfluid phase. The acquisition 
of helium 3 in quantities large enough 
for studies of the liquid phase was there­
fore eagerly awaited. In the 1950's it was 

HELlUM-3 NUCLEI 

BOUND PAIRS OF FERMIONS are the condensed entities in superconductors and in super­
fluid helium 3. Superconductivity appears in a metal when the temperature falls low enough 
for the electrons to form bound pairs under the influence of a weak attractive force. In a like 
manner superftuidity appears in liquid helium 3 when pairs of atoms become bound together. 
In a bound electron pair in a superconductor the elementary magnets oppose each other, and 
the pair has no net intrinsic magnetism. The electrons also spin in opposite directions. The 
bound pairs of helium-3 atoms are quite different. The magnets reinforce each other, and as 
a result the pair possesses a net magnetism. Helium-3 nuclei also have same direction of spin. 
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established that no transition to a super­
fluid took place in helium 3 anywhere 
near 2.2 degrees. Subsequent experi­
ments revealed that helium 3 could be 
cooled to temperatures below a hun­
dredth of a degree without showing the 
slightest signs of superfluidity. These 
findings were taken as evidence that 
Bose-Einstein condensation does play a 
vital role in the superfluidity of helium 
4, and today opinion is virtually unani­
mous that superfluid helium 4 is a liquid 
that has undergone Bose-Einstein con­
densation. The subsequent discovery of 
superfluidity in helium 3 at a few thou­
sandths of a degree above absolute zero 
has not shaken that conviction. The 
mechanism underlying this superfluidi­
ty is quite different. 

To indicate why Bose-Einstein con­
densation might lead to the characteris­
tic superfluid properties of helium 4, it 
may help to consider an analogy with a 
more familiar system in which quan­
tum-mechanical effects influence the 
bulk properties of matter. When Andre­
Marie Ampere proposed in the 19th 
century that the magnetism of perma­
nent magnets might arise from the flow 
of persistent microscopic electric cur­
rents, it was objected that such currents 
would rapidly dissipate their energy into 
heat and therefore cease. Ampere bold­
ly ignored this difficulty, and his view 
was eventually vindicated by the quan­
tum theory. Since physical properties on 
the atomic scale can vary only by dis­
crete amounts, the gradual and contin­
uous erosion of an atomic current by 
friction is impossible. In the realm of 
individual atoms, where properties are 
specified by discrete quantum numbers. 
things do not wear out; they either re­
main perfectly unaltered or are abruptly 
transformed into different things. If, as 
is often the case, there are reasons why 
none of a set of discrete alternative 
states is allowed, then no change what­
ever can occur. 

This characteristic discontinuity and 
rigidity of atomic processes is indiscern­
ible in ordinary bulk matter because the 
number of atoms it contains is so vast 
that although every atom obeys quan­
tum laws, the combined effect of their 
discontinuous behavior is indistinguish­
able from perfect continuity. In a per­
manent magnet, however. the micro­
scopic atomic currents described by 
Ampere are all flowing in such a way as 
to reinforce one another. 

Similarly, in a system that is Bose­
Einstein condensed, an appreciable 
fraction of all the atoms behave as if 
they were in precisely the same quan­
tum-mechanical state. and as a result 
their motions are highly correlated. 
They are, as it were, marching in lock­
step and can therefore reinforce one an­
other's characteristic quantum proper­
ties, which 'can then be observed in the 
macroscopic behavior of the system. 

The frictionless flow of superfluid he-
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Introducing Accutrac. 
1he only turntable in the world 

that lets you tell an LPwhich selections 
want to hear, the order you want to hear 

them In, even how many times you want to 
hear each one. 

Sounds like something out of the 21st 
century, doesn't it? �II, as a result of 
Accutrac's electro-optics, computer program­

ming and direct drive capabilities, you 
can have it today. 

Just imagine you want to 
hear cuts 5, 3 and 7 in that order . 

. f Maybe you even want to hear cut 
3 twice, because it's an old favorite. 

Simply press buttons 5, 3, 3 again, 
then 7. Accutrac's unique infra-red 

beam,located in the tonearm head, scans 
the record surface. Over the recorded 

portion the beam scatters but over the smooth 
surface between selections the infra-red light 
is reflected back to the tonearm, directing it 
to follow your instructions. 

What's more, it can do this by cordless 
remote control, even from across the room. 
1he arm your fingers never have to touch. 

Since Accutrac's tonearm is electroni­
cally directed to the record, you never risk 
dropping the tonearm accidently and scratch­
ing a record, or damaging a stylus. 

And, since it cues electronically, too, 
you can interrupt your listening and then 
pick it up again in the same groove, within a 
fraction of a revolution. Even the best damped 
cue lever can't provide such accuracy. Or 
safety. 

What you hear is as incredible a� what 
you see. 

Because the Accutrac servo-motor 
which drives the tonearm is decoupled the 
instant the stylus goes into play, both hori­
zontal and vertical friction are virtually elimi­
nated. That means you get the most accurate 
tracking possible and the most faithful 
reproduction. 

You also get wow and flutter at a com­
pletely inaudible 0.03% WRMS. Rumble at 
-70 dB (DIN B). A tracking force of a mere 
3/4 gram. And tonearm resonance at the 
ideal 8-10 Hz. 

The Accutrac 4000 system. When you 
see and hear what it can do, you'll never be 
satisified owning anything else. 

Its father was a turntable. 
Its mother was a computer. 

The Accutrac'-4000 

ADC Profes!>t<HWlI Produ<.ls Group. A dlyhtOU of BSR (USA) ltd. Rout� XU, BI.u .... elt. N.Y. 1091 
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COLLECTION OF BOSONS is subject to quantum laws different from those that apply to a 
collection of fermion5. Any number of bosons can have exactly the same set of quantum num­
bers, and at very low temperatures it is possible for an appreciable fraction of them to be in 
precisely the same state. Fermions obey a different rule: Only one fermion can have a given set 
of quantum numbers, so that it is never possible to have more than one fermion in a given state. 
In one simple model these rules lead to the following distinct kinds of behavior. At high tem­
peratures the bosons are distributed over many states, which may or may not be occupied by 
more than a single boson. At low temperatures only the states of lowest energy are occupied 
appreciably, and number of bosons in state of lowest energy may actually be comparable to 
total number of bosons in system. Since only one fermion can occupy a given state, all that 
can happen as temperature drops is that occupied states settle down to group lying lowest in 
energy. Energy cannot be further reduced by assigning more than one fermion to lowest states. 

HELIUM 4 HELIUM 3 SUPERCONDUCTORS 

TRANSITION TEMPERATURE 
1.75 TO 2.2 .001 TO .0027 o TO 23 (DEGREES KELVIN) 

ELEMENTARY 
ATOMS ATOMS ELECTRONS PARTICLES OF FLUID 

MAGNETIC NO YES YES 

STATISTICS BOSON FERMION FERMION 

ELECTRIC CHARGE NO NO YES 

CONDENSED ENTITIES ATOMS PAIRS OF ATOMS 
PAIRS OF 

ELECTRONS 

SPATIALLY SYMMETRIC YES NO YES 

MAGNETIC NO YES NO 
---

EXPEL MAGNETIC FIELD NO NO YES 

NUMBER OF SUPERFLUID ONE THREE ONE PHASES 

PROPERTIES OF SUPERFLUIDS are determined by the nature of the particles making up 
the fluid and by the manner in which those particles condense to form the superfluid phase. 
Superfluid helium 4 is formed through the Bose-Einstein condensation of single helium-4 
atoms, which are neutral, nonmagnetic, spinless bosons. In a superconductor the condensed 
entities are pairs of electrons. The electrons are electrically charged, but the magnetism asso­
ciated with the electron spin cancels within each pair. Superfluid helium 3 has some features of 
superfluid helium 4 and some features of a superconductor, but it also has features that are not 
shared by either of the other two superfluids. Because the pairs are not spatially symmetrical 
the properties of superfluid helium 3 can show a pronounced dependence on direction; be­
cause the pairs are magnetic an entire new category of macroscopically observable quantum 
behavior has been made available; because the fluid allows the introduction of a magnetic field 
new magnetic phenomena can be conveniently observed, and because there are three super­
fluid phases macroscopic quantum behavior is made available for study in a variety of forms. 
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lium through tiny cracks can be viewed 
as being analogous to the Amperean 
current in a permanent magnet. In both 
cases microscopic quantum behavior is 
amplified to the macroscopic scale. In 
the case of the magnet the amplification 
is brought about by the orderly arrange­
ment of the individual atomic currents; 
in the case of superfluid helium 4 it is 
produced by the Bose-Einstein conden­
sation of the atoms. 

Those who enjoy pondering the mys­
teries of the quantum theory might 
pause at this point to contemplate the 
difference in the behavior of the two he­
lium liquids at temperatures from about 
.01 degree to two degrees above abso­
lute zero. Liquid helium 3 behaves quite 
properly; indeed, it gets somewhat slug­
gish as the temperature drops, becoming 
as viscous as light machine oil. Liquid 
helium 4, however, slips through infini­
tesimal cracks so tiny as to be impene­
trable even by a gas, and it otherwise 
disports itself in unexpected ways. Yet 
the atoms out of which the two liq uids 
are formed are identical in almost all 
respects. The only difference is buried 
deep in the atomic interior. There, well 
shielded by the almost impenetrable 
cloud of electrons, in a nucleus that oc­
cupies only a billionth of a millionth of 
the volume of the entire atom, helium 3 
lacks a neutron. 

Superconductivity 

In spite of the early failures to discov­
er a superfluid transition in helium 3, the 
substance was of considerable interest 
as a system of fermions that remains in 
the liquid state even at absolute zero. 
Although helium 3 is the only conven­
tional liquid to behave this way, analo­
gous systems of fermions are formed by 
the conduction electrons in metals, by 
the protons and neutrons in large atomic 
nuclei and by the neutrons that compose 
the matter in a neutron star. As a result 
liquid helium 3 has been of considera­
ble interest to solid-state physicists and 
of occasional interest to nuclear physi­
cists and astrophysicists. The interplay 
through the 1950's and 1960's between 
the study of liquid helium 3 and the 
study of electrons in metals has been 
particularly fruitful, in part because he­
lium is in many ways the simpler system. 
Conduction electrons have a negative 
electric charge and exi,st only within a 
matrix of positively charged metal ions. 
Helium-3 atoms, on the other hand, are 
electrically neutral and can be studied in 
the pure state, contaminated only by a 
few stray atoms of helium 4. 

The possibility that helium 3 might be 
a superfluid after all arose from this 
analogy between helium-3 atoms and 
conduction electrons. We have noted 
that in many metals the conduction elec­
trons enter a state of electronic super­
fluidity, or' superconductivity, when the 
metal is cooled to very low tempera-
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Programmability for $29.95 
The new Sinclair Scientific Programmable. 
Sinclair's new Scientific Programmable is no ordinary 
calculator. It has only 19 keys-and a very low price-but 
its problem·solving capability far exceeds that of any 
ordinary scientific calculator. Sinclair's big plus is 
programmability-the ability to remember a calculation 
sequence of up to 24 steps entered directly from the 
keyboard. Once stored in the program memory, a calculation 
sequence can be recalled at the touch of a single key, and 
applied to new numbers to produce new results. So if you 
carry out repetitive calculations, the Scientific Program· 
mabie will save you key strokes and lots of time. It will also 
save you from errors, since the calculation sequence will 
be recalled exactly as you entered it, over and over again. 

Programming Entering a calculation sequence into the 
program memory couldn't be easier. Press the BE key to tell 
the calculator to remember a sequence. Then key in the 
calculation almost exactly as you normally would. Use V A R 
at the pOints where you'll want the program to stop, so that 
you can enter new numbers or display partial results. 
During entry, the number of steps is displayed, so you won't 
exceed the program memory's capacity. When you've 
finished, press BE again to tell the calculator that the 
sequence is complete. The program is now available until 
you overwrite it with another program or until you switch 
the calculator off. Just enter new numbers, press EXEC, 
and get new results. Of course, the Scientific Programmable 
can be used as an ordinary scientific calculator. Even 
half·way through the execution of a program, you can stop, 
carry out a calculation from the keyboard, then press 
EXEC to continue execution of the program when you're 
ready. 

Sinclair Program Library You don't have to be a programmer 
to use the Scientific Programmable's full problem·solving 
capability. Also available is a fully documented library of 
hundreds of programs to solve standard problems, and 
complete instructions on how to use them. 

Applications The Scientific Programmable has many 
applications in areas of computation other than repetitive 
calculations. It can be used for the analysis of experimental 
data, the evaluation of integer functions, and with a variety 
of methods for the iterative solution of equations. They are 
dealt with in detail in the instruction book and Program 
Library. And, although the Scientific Programmable is no 
toy, it does play games-and wins! 

Display 5 digit mantissa, 2 digit exponent. Number entry is 
floating decimal point and/or scientific notation; results in 
scientific notation. 

logic Reverse Polish Notation. 

Functions Sine, cosine, arctangent (radians), log, alog (base 
10), square root, reciprocal, change sign, clear/clear entry. 

Memory Store, reca", exchange. 

The Scientific Programmable is small enough to hold in 
your hand and big enough to use on your desk. It measures 
6" x 2-7/8" X 1114", has non-slip rubber feet and a big green 
display. It uses a sma", inexpensive 9v battery or the 
Sinclair AC adapter. 

$29.95 includes battery, AC adapter, carrying case and 
instruction book. 

10 Day Trial Offer If the Scientific Programmable doesn't 
meet your requirements return it to us within 10 days f or a 
prompt refund of the purchase price. 

Warranty The Scientific Programmable is backed by 
Sinclair's full one-year parts and labor warranty. 

You can order your Scientific Programmable calculator at only $29.95 
directly from GFN Industries, Inc., 6 Commercial Street, Hicksville, 
NY 11801, simply by completing the order form below, and mailing it 
with your check or money order. 

1 To: GFN INDUSTRIES, INC. 
1 6 COMMERCIAL STREET, HICKSVILLE, NY 11801 

1 Please send me: 

____ Scientific Programmable(s) at $29.95 ______ $ __ 1 
___ Scientific Programmable(s) with full program library at $39.95 

1 
-- I 

Sales Tax (NY Residents) ____________ I 
1 

Shipping and handling ($2.50 per unit) ----------____ I 
Enclosed is check/MO (payable to GFN Industries, Inc.) Total$ ___ 1 
Name -------------------------------- 1 

I 
Address ------------------------------- 1 
City/State/Zip ____________________ 1 
New York residents add City and/or State sales tax SA12P I 
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PHASE DIAGRAMS portray the state of a substance at various temperatures and pressures. 
In most substances (top) the liquid phase cannot exist at low temperature, no matter what the 
pressure is. A familiar example of this behavior is the direct conversion of "dry ice" into gaseous 
carbon dioxide, with no intermediate liquid phase at sufficiently low temperatures. Helium is 
unique in remaining a liquid even at absolute zero unless considerable pressure is applied. The 
boiling point of helium 3 (bottom) is about 25 percent lower than that of helium 4 (middle), 
and the freezing pressure is about 25 percent higher. Helium 3 is distinguished by having a 
point of minimum pressure on its melting curve; at temperatures below that of the minimum 
the solidification of liquid helium 3 at a fixed pressure requires the application of heat (in con­
trast to m.ost substances, where heat must be removed). Superfluid phases of helium are not 
shown here; they are found in a very narrow region at extreme left (see illustration on page sn. 
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tures. In a superconducting metal elec­
tric current flows without any discern­
ible loss of energy. much as a superfluid 
flows without friction through small 
pores. 

Since electrons are fermions. super­
conductivity cannot be explained by a 
direct analogy with the superfluid be­
havior of helium 4; for electrons Bose­
Einstein condensation is impossible. A 
fundamental characterization of the 
similarities and differences between the 
superfluidity of electrons and of helium 
4 became available in 1956 with the 
pairing theory of John Bardeen. Leon 
N. Cooper and J. Robert Schrieffer. 
Their theory of superconductivity is 
based on a peculiar feature of the force 
between conduction electrons in a met­
al. In a vacuum two electrons repel each 
other because they carry electrostatic 
charges of the same polarity. In the inte­
rior of a metal. however. the force be­
tween electrons may have an attractive 
component generated through an inter­
mediate interaction of the electrons with 
the positively charged metal ions. 

This attractive force between conduc­
tion electrons is quite weak. but at low 
enough temperatures it can lead to the 
formation of bound pairs of electrons. 
Indeed. the pairing theory showed that 
a system of fermions can form such 
bound pairs no matter how weak the 
attractive force; reducing the magnitude 
of the force merely increases the dis­
tance between the electrons making up a 
pair and lowers the temperature at 
which the pairs first appear. 

The electron pairs produced in this 
way are all in the same quantum-me­
chanical state: they are Bose-Einstein 
condensed. This might appear to contra­
dict the rule that fermions cannot un­
dergo Bose-Einstein condensation. The 
condensed entities in a superconductor. 
however. are not single electrons but 
bound electron pairs. These pairs. being 
composed of two fermions. are bosons. 

Pairing in Helium 3 

The Bose-Einstein condensation of 
pairs of conduction electrons leads to 
superconductivity for reasons quite sim­
ilar to those relating the superfluidity of 
helium 4 to the condensation of its at­
oms. There are. however. some striking 
differences between the two kinds of 
condensation_ For one thing. the con­
densed entities in a superconductor (the 
electron pairs) can only exist when they 
are condensed. whereas helium-4 atoms 
exist in both the normal fluid and the 
superfluid. Furthermore. because the 
binding force between the electrons is 
weak the pairs are quite large. Indeed. 
individual separate pairs cannot exist at 
all: they overlap one another. the cen­
ters of mass of millions of other pairs 
lying within the interior of any given 
pair. 

The electron-pair theory of super-
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conductivity immediately suggested the 
possibility of analogous phenomena in 
helium 3. Like electrons. helium-3 at­
oms are fermions. and they exert a weak 
attractive force on one another. This 
force. the van der Waals force. is com­
mon to all neutral atoms. and it is re­
sponsible in the first place for the con­
densation of the gas into the liquid 
phase. The existence of an attractive 
force implies that at some low tempera­
ture helium-3 atoms should form bound 
pairs similar to the pairs of electrons in a 
superconductor and should acquire cor­
responding superfluid properties. 

Although the pairing theory of super­
conductivity predicted that a superfluid 
phase of helium 3 should exist. it turned 
out to be extremely difficult to make re­
liable calculations of the temperature at 
which such a superfluid would first ap­
pear. Experimental searches for super­
fluidity in helium 3 were dependent on 
the development of new methods for 
achieving lower temperatures. Indeed. 
some of the most important advances in 
cryogenic techniques at ultralow tem­
peratures have been by-products of the 
search itself. As new refrigeration tech­
niques were devised. theoretically pre­
dicted transition temperatures were sev­
eral times found to be too high. and by 
the mid-1960·s. when some of the more 
pessimistic calculations were indicating 
that superfluidity would occur only at 
about a millionth of a degree above ab­
solute zero. the search for superfluidity 
largely ceased. 

When the transition was finally dis­
covered in 1971. it was found during an 
investigation (at high pressure) of the 
magnetic properties of solid helium 3. 
The discovery was made at Cornell Uni­
versity by Douglas D. Osheroff. Robert 
C. Richardson and one of us (Lee). Liq­
uid helium 3 was present in the experi­
mental apparatus. but only as a techni­
cal ingredient in a refrigeration scheme. 
This method. known as compressional 
cooling. is based on the fact that when a 
mixture of liquid and solid helium 3 is 
compressed. some of the liquid is con­
verted into a solid and the temperature 
of the mixture drops. The superfluid 
transition in helium 3 was first observed 
at a temperature of .0027 degrees above 
absolute zero. which is about 1.000 
times colder than the superfluid transi­
tion temperature of helium 4. It is also. 
however. 1.000 times higher than the 
most pessimistic theoretical predictions 
of the mid-1960·s. 

In the original Cornell experiment the 
volume of a cell containing solid and 
liquid helium 3 was reduced at a con­
stant rate while the pressure inside the 
cell was continuously measured. The 
first hint of the superfluid transition was 
a slight but abrupt change in the rate at 
which the pressure increased. 

The change in the rate of pressuriza­
tion of helium 3 was an intriguing anom­
aly and was originally interpreted as a 

FORCE 

LIQUID 

PRESSURE GA UGE 

COMPRESSIONAL COOLING achieves extremely low temperatures by exploiting the fact 
that helium 3 absorbs heat when it freezes. The apparatus is first cooled by an external refrig­
erator to a temperature of .02 degree Kelvin, well below the minimum point on the melting 
curve. Then pressure is applied to a chamber containing both liquid and solid helium 3. As the 
pressure increases, more solid helium crystallizes, absorbing heat from the liquid and further 
cooling both phases. The superfluid phases of helium 3 were discovered in an experiment em­
ploying this method of refrigeration. Anomalous pressure behavior that signaled superfluid 
transition in the liquid was monitored with a sensitive pressure gauge at bottom of chamber. 
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T IME (M I NUTES) 
FIRST EVIDENCE OF TRANSITIONS to superfJuid phases in helium 3 appeared as small 
cbanges in the rate of cooling and warming in a compressional cooling cell like the one illus­
trated at the top of the page. The graph records the pressure in the cell (scale at left) as its vol­
ume was first reduced at a uniform rate, then expanded. From the pressures it is possible to 
calculate the equivalent temperatures (scale at right). Small discontinuities represent transi­
tions from normal liquid to A phase to B phase, then a return through A phase to normal liquid. 

67 

© 1976 SCIENTIFIC AMERICAN, INC



Cii 
II: 
<t 
@. 
w 

40 r-------------------------------------------------------, 

SOLID 

30 

� 20 
B PHASE 
(SUPERFLUID) 

CIJ 
CIJ 
w 
II: 
0.. 

1 0  

NORMAL LIQUID 

o � __ ��� ____ � __________ � ________ � __________ � ________ � 
.001 .00 1 4  .00 1 8  .0022 

TEMPERATURE (DEGREES KELVIN) 

.0026 .003 

DETAILED PHASE DIAGRAM of helium 3 (the plane of zero magnetic field in the illustra­
tion on page 57) displays existeuce of superfluids close to absolute zero. In absence of magnet­
ic field there are just two superOuid phases, A and B, which differ in magnetic and mechanical 
properties. In absence of external magnetic field A phase exists only at elevated pressure. 
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MAGNETIC FIELD alters the helium-3 phase diagram. In an external field the A transition 
is split into two transitions by the appearance of a new superfluid phase, A l' In a magnetic field 
both A and A 1 phases may extend within a narrow region of diagram all the way to zero pres­
sure, and it is not possible to go directly from the normal liquid to the B phase of the super­
fluid. These phase-transition lines correspond to the intersections in the illustration on page 57 
of a plane parallel to the poT plane with the surfaces that separate the superfluid phases. 
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clue that a predicted magnetic transition 
was taking place within the solid helium 
3 in the cell. Additional information 
about the effect was sought by a stan­
dard technique for investigating mag­
netic phenomena: nuclear-magnetic­
resonance spectroscopy. The basis of 
this procedure is that a suitably applied 
external magnetic field can exert a twist­
ing force on the orientation of a magnet­
ic atomic nucleus. just as magnetic 
forces can turn a compass needle. Since 
all magnetic nuclei also spin like gyro­
scopes. however. they respond to such 
twisting forces with the complicated 
precessional motion characteristic of a 
spinning top. If the applied field has the 
right frequency. the induced motion can 
result in the emission of a radio-fre­
quency signal. from which various fea­
tures of the nuclear magnetism and spin 
can be inferred. 

Liquid of Fermion Pairs 

These magnetic-resonance measure­
ments revealed that the pressure anoma­
ly is accompanied by a striking change 
in magnetic properties: below the tem­
perature of the anomaly there devel­
oped an enormous shift in the frequency 
of the signal broadcast by the helium-3 
nuclei. This shift was far too large to 
be explained by any conventional theo­
ries of resonance spectroscopy. Further­
more. the shift was found to be taking 
place not in the characteristic signal 
emitted by the helium-3 atoms in the 
solid phase: it was unambiguously asso­
ciated with the signal coming from the 
liquid. 

The discovery of strange behavior in 
liquid helium 3. whatever the details. 
was widely regarded as evidence of the 
long-sought superfluid phase. A little 
more than a year after the discovery An­
thony J .  Leggett of the University of 
Sussex constructed a theory that ac­
counted for the observed magnetic 
anomalies and predicted a number of 
new magnetic phenomena. many of 
which have since been observed. Leg­
gett's work combined the theory of nu­
clear magnetic resonance with the theo­
ry describing the pairing of particles in 
an electrically neutral liquid of fer­
mions. Its success convinced almost ev­
eryone (except. for a time. Leggett him­
self) that the new states of liquid helium 

. 
3 were indeed superfluids based on the 
pairing of helium-3 atoms. 

The later discovery of more tradition­
al nonmagnetic manifestations of super­
fluidity came almost as an anticlimax. 
The first indications of unusual flow 
properties were detected in 197 3  in the 
laboratory of Olli V. Lounasmaa at the 
Helsinki University of Technology. 
More direct evidence of superfluid 
properties was obtained the following 
year in the laboratory of John C. Wheat­
ley at the University of California at San 
Diego and in the laboratory of John D. 
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The wor l d ' s  f i r s t  a l l -we a ther , day- a n d - n ight a t t a c k  sys t em f o r  a i r c r a f t  h a s  been 
o r d e r e d  for the Navy ' s  A-6E I n t r ud e r . The TRAM (Ta r ge t  R e c o gn i t i on and A t t a c k  
Mul t i s en s o r )  S y s t em ,  bu i l t  b y  H u ghe s ,  i s  t h e  on l y  a t ta c k  s ys t em tha t s u c ce s s fu l ­
l y  i n t e gr a t e s  a forwa rd - l o o k i n g  i n f r a r e d  ( FLIR ) s e n s o r , a l a s e r  de s i gn a t o r - ra n ­
ger , a l a s e r  r e c e iver , a nd a p re c i s i on - s t a b i l i ze d  t ur r e t . T h e  F L I R  i s  t h e  f i r s t  
one d e s i gn e d  w i t h  a cont i n u o u s  o p t i c a l - z o om c a p a b i l i t y . B e c a us e t h e  FLIR f orms 
a n  ima ge f r om he a t  r a d i a t ed by obj e c t s  in v i ew ,  it can o p e r a t e  a s  we l l  in t o t a l  
d a r kn e s s  a s  i n  d a y l i gh t  and c a n  a l s o " s e e "  thro ugh b a d  wea ther . A s h i p  c a n  be 
seen on t h e  b l a c ke s t  of n i gh t s  or an o i l  d e p o t  c an b e  s p o t t e d  on l and w i th the 
amo un t of fue l c l e a r l y  v i s i b l e  be c a u s e  of t emp e r a t ure d i f ferenc e s . TRAM c a n  
d e l iver a va r i e t y o f  l a s e r - gu i d e d  and c onven t i ona l we a p on s . 

D e t e c t i on and i d en t i f i c a t i on o f  t a c t i c a l - s i z e  t a rge t s  i n  any we a th e r , d a y  or 
n i gh t , ha s be en a ma j or g o a l o f  the US Air F or c e . Th i s  goa l ha s been a c h i ev e d  
by t he d eve l o pme n t  o f  re a l - t ime S yn t he t i c Ap e r t ur e  Ra d a r  ( S AR ) , ma de p o s s i b l e  
thro ugh new d i g i t a l  s i gna l - p r o c e s s ing t echno l o gy .  The H u ghe s - b u i l t  AP G - 6 3  r a da r , 
w i th i t s  ba s i c d i g i t a l  s i gna l p r o c e s s ing and coheren t - fr e quency t e chno l ogy , w i l l  
p r ov i de a SAR c a p a b i l i t y  w i th the in c l u s i on o f  p r o gr arrnna b l e  s i gn a l pr.o c e s s ing . 
N o t  on l y  a r e  sma l l e r t a c t i c a l  t ar ge t s  v i s i b l e , b u t  a l s o  SAR d e t ec t s mob i l e  t a r ­
g e t s , c ue s  forwa rd - l o o k i n g  in fr a r e d  and e l e c t r o - op t i c a l  s en s or s , a n d  a l l ow s  p r e ­
c i s e  nav i ga t i on .  

Hughe s ha s ma ny irrnned ia t e  ope n i ngs for engi n e e r s  and s c i e n t i s t s  i n  s ev e r a l a r e a s . 
E l e c t r o - opt i c s ,  opt ome c h a n i c s , a nd in f r a r e d , e xpe r i e n c e d  in a dva n c e d  a d a p t ive 
o p t i c a l  s y s t ems , op t i c a l  d e s i gn & ana l y s i s , e l e c t r oma gne t i c s  & e le c t r o - op t i c a l 
p r op e r t i e s , s o l i d - s t a t e phys ic s ,  a dv a n c e d  IR ima g in g , s y s t ems de s i gn ,  MaS / b i ­
p o l a r  c i r c u i t  de s i gn • • •  L a s e r dev i c e  deve l opme n t , expe r i e n c e d  i n  s en s o r / d i g i ­
ta l p a t t er n  r e c o gn i t i on , l a s er a l i gnmen t - c on t r o l  s y s t ems • • •  P r ogr arrnni ng ,  ex­
p er i e n c e d  in a i rborne av i on i c s , s a t e l l i t e  gr o und s t a t i o n s , a u t oma t i c  t e s t , t e l e ­
me t r y , g r a ph ic s , c orrnne r c i a l a p p l i c a t i on s . U S  c i t i ze n s h i p  r e qu i r e d . P l e a s e  s end 
r e s ume t o : P r o fe s s i ona l Emp l o ymen t ,  Hu gh e s A i r c r a f t  C omp any , 1 1 940 We s t  J e f fe r ­
s on B l vd . , C u l ver C i ty ,  C a l i f or n i a  9 0 23 0 . 

The f amo u s  s o und o f  Mor s e  c o d e ' s  d a h - d i t  ma y b e  pha s i n g  o u t  f or t h e  ma r i t ime i n ­
d u s t r y . Th i s  i s  b e c a u s e  two c ommun i c a t i on s  s a t e l l i t e s  a r e  in s ynchron o u s  o rb i t  
ove r the At l an t i c  and P a c i f i c  o c e a n s . The s e  ma r i t ime s a t e l l i t e s , b u i l t  b y  
Hughe s , a r e  own e d  and op e r a t ed b y  a c on s o r t i um o f  c a r r i er s h e a d e d  b y  COMSAT Gen ­
e r a l  C o r p or a t i on .  C a l l ed Ma r i s a t , t h e  s a t e l l i te s  a r e  c ur r en t l y  re l a y i n g  h i gh ­
qua l i t y  v o i c e , t e l e x ,  fa c s imi l e , a n d  da t a  ov e r  b o t h  o c e a n s  f or the i n t e rna t i ona l 
ma r i t ime ind u s t r y . Na r i s a t  a l s o  s erve s  the US N avy f o r  f l e e t  c orrnnun i c a t i on s . 

A t h i rd s a te l l i t e ,  f o r  Navy u s e  and c orrnne r c i a l b a c kup , wa s p l a c ed in s yn ­
c hr o n o u s  orb i t  ove r  the I nd i a n  O c e a n  l a s t  O c t ob e r . F o ur - f o o t - d i ame t e r  s hi p  a n ­
t enn a s  a l l ow s h i p s  t o  ma ke in s t a n t  c on t a c t  w i t h  h ome p or t  o r  t o  b e  r ea ched i n ­
s t a n t l y  b y  s h i p  t e l ephone . S h i p s  c a n  a l s o  r e a ch othe r s h i p s  v i a  the s y s t em ' s  
g r o und s t a t i o n s  f o r  t e l ex me s s a ge s . 
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PAIR STRUCTURE in the Ai phase of helium 3 is the simplest to describe of the pair struc­
tures in the three superfluid phases of the isotope. The elementary nuclear magnets associat­
ed with the pair of atoms are oriented so that the net magnetism of the pair lies along the direc­
tion of magnetic field. Members of pair rotate around each other in a plane containing the field. 

Reppy at Cornell. In these experiments 
a chamber was so tightly packed with 
material that the interstitial spaces were 
exceedingly small. Liquid helium 3. 
forced into the tiny interstices in the 
chamber. was found to be completely 
immobilized above the transition tem­
perature. Below the transition tempera­
ture. however. unmistakable evidence 
was observed that liquid was sloshing 
freely through the chamber. Only after 
the publication of these experiments in 
1974 was the discovery sanctified by the 
appearance of a new index category: 
"Superfiuid helium 3." By then. how­
ever. no one was surprised. 

The Most Super Superfiuid 

From the time superfiuid helium 3 
was discovered it has been apparent that 
it is an even stranger substance than su­
perfiuid helium 4 or superconductors. 
The very first experiments revealed not 
one superfiuid transition but two. They 
took place at .0027 and .0021 degrees K. 
when the pressure was 34 atmospheres. 
The two new phases that appear as the 
liquid is cooled through these tempera-

tures have been named 3He-A and 3He­
B. When the cooling is done in a magnet­
ic field. still another phase. 3 He-A l•  ap­
pears in a narrow range of temperatures 
between the A phase and the normal liq­
uid. Thus in a small region of the phase 
diagram helium 3 exists in five distinct 
phases: the solid. the normal liquid and 
three kinds of superfiuid. The multiplic­
ity of distinct superfiuid phases in heli­
um 3 and several other properties of the 
liquid set it apart not only from ordinary 
liquids but also from helium 4 and su­
percond uctors. 

When helium 4 is compared with 
what we now know about superfiuid he­
lium 3. it appears to be a rather hum­
drum superfiuid. Since helium-4 atoms 
have no spin and no magnetism. the su­
perfiuid they form is magnetically inert. 
Furthermore. the spatial structure of the 
helium-4 atom is the least interesting 
possible: it is a perfect sphere. devoid of 
any distinguishing features and hence 
incapable of favoring one direction or 
orientation over any other. Because of 
its high degree of internal symmetry the 
helium-4 atom is rather like the ficti­
tious point particle of the textbooks. Ex-

FRICTIONLESS FLOW OF HELIUM 3 provides convincing evidence that the new phases 
of the liquid are in fact superfluids. Powder is packed tightly into a tube, making it nearly im­
pervious to fluid flow above the superfluid transition. In the superfluid phase, however, some 
of the liquid flows freely through the powder. In practice the experiment is performed with 
an oscillating current of superfluid, which thus moves back and forth through the powder. 
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cept under conditions so extreme as to 
squash it out of its symmetrical shape. 
nothing can be said about a helium-4 
atom other than where it is or how fast it 
is going. This absence of internal struc­
ture in the atom limits the kinds of phe­
nomena that can take place in the super­
fiuid phase; the only quantum-mechani­
cal behavior revealed on a macroscopic 
scale in superfiuid helium 4 is that relat­
ing to the motion of matter from place 
to place. 

In principle a superconductor might 
be a more interesting superfiuid. since 
electrons do have spin and the accompa­
nying magnetism. In all known super­
conductors. however. the two electrons 
in a pair are oriented with their magnet­
ic poles pointing in opposite directions. 
As a result the magnetic fields of the 
electrons cancel and the pairs are as in­
ert magnetically as helium-4 atoms. 
Furthermore. like helium-4 atoms. the 
electron pairs in all known supercon­
ductors are as devoid of structure as the 
spherical electron cloud surrounding a 
helium atom. 

Helium 3 is the only superfiuid in 
which the condensed objects have an in­
ternal structure. One underlying reason 
for this structure is that in helium 3 the 
nuclear magnetic poles of the two atoms 
forming a pair are aligned in the same 
direction. Rather than canceling each 
other the magnetic fields reinforce. so 
that the pairs are themselves magnetic. 

That helium-3 nuclei might pair in 
this way was anticipated more than a 
decade before the superfiuid phases 
were discovered. although it was impos­
sible to predict with assurance whether 
the atoms would prefer the magnetic 
configuration or the nonmagnetic one. 
That the pairing is in the more interest­
ing magnetic form was established by 
nuclear-magnetic-resonance measure­
ments made soon after the discovery. 
The magnetic-resonance effects could 
be elegantly accounted for in terms of 
the precession of axes characterizing the 
magnetic orientation of the pair. In ad­
dition the existence of more than a 
single superfiuid phase followed from 
general quantum laws specifying the dis­
tinct possible configurations (or quan­
tum states) available to an object made 
up of two fermions with similarly di­
rected magnetic poles. 

The net magnetism of the pairs in heli­
um 3 has further consequences. Since 
the nuclear magnets of both members of 
the pair are similarly directed. the pairs 
in superfiuid helium 3 cannot have the 
symmetry characteristic of electron 
pairs in a superconductor. If the two at­
oms were distributed about the center of 
mass with perfect spherical symmetry. 
then they would be the same in all re­
spects. in violation of the rule that two 
fermions cannot occupy precisely the 
same state. (The electrons forming the 
nonmagnetic pairs in a superconductor 
are allowed to move around each other 
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with perfect spherical symmetry be­
cause their internal magnets are oppo­
sitely directed. thereby meeting the re­
quirement that two fermions not be 
alike in all respects.) 

The different superfluid phases of he­
lium 3 can be given detailed characteri­
zation in terms of this internal structure 
of the condensed pairs. The simplest of 
the phases is the A l  phase. which exists 
only in a narrow range of temperatures 
just below the transition temperature 
when the fluid is exposed to a magnetic 
field. The nuclear spins and magnetic 
axes of all the pairs in the A l  phase are 
aligned with each other and with the ex­
ternal field. (It is not yet known. how­
ever. whether they are along the field 
or opposed to it.) Furthermore. the two 
members of every pair rotate around 
each other in a single plane parallel to 
the applied field. 

The A and B phases. which do not 
require an external field to stabilize 
them. involve more complicated kinds 
of motion. Both the magnetic axis of the 
pair and the axis associated with its 
asymmetrical shape can be oriented in 
three possible ways. determined by well­
established quantum laws. The A and 
B phases are characterized by various 
combinations. or "superpositions." of 
these configurations. whose quantum­
mechanical descriptions defy simple 
translation into classical language. 

Other Properties 

Because of the internal structure of 
the pairs superfluid helium 3 has many 
striking properties that cannot be ob­
served in the other superfluids. One ex­
ample is the anisotropy of superfluid 
helium 3. Since all the pairs of atoms in 
the superfluid are in the same state. their 
asymmetrical shape is expressed in 
properties of the fluid as a whole. If a 
direction is defined by the imposition of 
a magnetic field. many properties of the 
fluid are found to depend on direction 
with respect to the field. For example. 
the rate of attenuation of sound in the 
liquid and the rate of superfluid flow 
depend on whether they are measured 
parallel to such a field or perpendicular 
to it. The dependence of mechanical 
properties on the direction of an applied 
magnetic field is commonly observed in 
many solids. Similar anisotropies are 
also observed in the esoteric liquids 
known as liquid crystals. What makes 
superfluid helium 3 unique is that in all 
other cases the external field interacts 
directly with the electrons of the atoms 
making up the medium. These electrons 
in turn are directly responsible for the 
mechanical properties affected by the 
field. In helium 3. however. the magnet­
ic field interacts only with the tiny nucle­
ar magnets buried deep in the interior of 
the atoms. That altering the direction of 
the nuclear magnets could have an effect 
on anything as gross as the attenuation 
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NUCLEAR MAGNETIC RESONANCE is usually carried out by studying the response of 
a system to a magnetic signal from a radio-frequency coil whose axis is perpendicular to an 
applied steady magnetic field. When helium 3 is studied by this technique, it reveals a frequency 
shift that is far too large to be explained by theories of conventional resonance in normal sys­
tems. The types of pairing believed to characterize the A and B superftuids, however, can 
produce a shift of the observed size. Pairing theories also predict that the nuclear-magnetic­
resonance signals can be observed with coil oriented not perpendicular to applied steady field 
but parallel to it. This unusual type of signal has now been observed in both A and B phases. 

of sound was unheard of before the dis­
covery of superfluid helium 3. This is a 
direct manifestation of the delicate cor­
relations, within each pair, of the two 
axes describing the magnetism and the 
spatial asymmetry. 

The most intensively studied of the 
macroscopic quantum effects of helium 
3 are those directly associated with nu­
clear magnetism. The signals emitted on 
magnetic stimulation of the superfluid 
phases bear little relation to patterns re­
corded with any other substance. We 
have already mentioned the anomalous­
ly large shift in the magnetic-resonance 
signal, observed in the earliest experi­
ments. Each of the three phases has its 
own characteristic pattern of shifts. 
some of them (called longitudinal reso­
nances) arising in configurations in 
which the conventional resonance theo­
ry predicts no signal at all. Perhaps the 
most impressive of these longitudinal 
effects arises when the strength of a stat­
ic applied magnetic field is suddenly 
changed. When this is done in ordinary 
materials. the induced magnetization of 
the entire material somewhat sluggishly 
follows along, slowly subsiding to the 
new value appropriate to the new field 
strength. In superfluid helium 3 the 
magnetism responds to such a change in 
a lively oscillatory manner. 

Another prediction, which is yet to be 

tested, is that the most stable configura­
tion of the A phase in a stationary con­
tainer should be one in which the liquid 
forever rotates. Superconductors and 
superfluid helium 4 have similar states, 
but they are never the most stable ones, 
and they can in principle decay into non­
rotating configurations. 

These examples are only fragments of 
the growing list of observed and predict­
ed properties of the new superfluid 
phases of helium 3. These new super­
fluids have generated intense interest 
among physicists. in part because of the 
opportunities they afford to see quan­
tum mechanics at work, as it were, in a 
bottle. By presenting modes of super­
fluid behavior substantially more gener­
al than anything available in helium 4 or 
superconductors. they are also forcing 
low-temperature physicists to reexam­
ine and extend the theories evolved over 
a 50-year span to account for the behav­
ior of pre- I 97 I  superfluids. This kind of 
process can be physics at its best. At the 
very least it will lead to a deeper un­
derstanding of the general phenomena 
of superfluidity and superconductivity. 
And the hope has even been voiced that 
the effort to explain the nature of super­
fluid helium 3 could lead to further in­
sight into the well-established but still 
profoundly mysterious structure of the 
quantum theory itself. 
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The Control of Walking 
Recent experiments indicate that the mechanism by which the nervous 
system generates the rhythmic movements of the leg during walking is 
basically the same in animals as diverse as the cat and the cockroach 

The scientific analysis of walking 
began a little more than toO years 

. ago as the result of a dispute, lin­
gering from ancient times, about wheth­
er or not all four feet of a galloping 
horse are ever off the ground at the same 
time. In an effort to resolve the matter 
the pioneer action photographer Ead­
weard Muybridge in 1872 set up an elec­
trically triggered series of cameras and 
succeeded in obtaining a fast sequence 
of photographs of a galloping horse at a 
racetrack in California. Reproductions 
of the photographs showing all four of 
the horse's feet off the ground appeared 
in many publications, including the Oc­
tober 19, 1878, issue of Scientific Ameri­
can. The clarity of these early pictures 
soon led Muybridge to realize that his 
photographic technique could be ex­
tended to analyze the walking move­
ments of all kinds of animals in unprece­
dented detail. He subsequently photo­
gtaphed a host of walking and running 
animals, including cats, dogs, monkeys, 
camels, elephants, raccoons, pigs, kan­
garoos and birds. His remarkable col­
lection of photographs was finally pub­
lished in 1887 in a monumental ll-vol­
ume work titled Animal Locomotion. 

How does an animal's nervous system 
generate the rhythmic walking move­
ments of the leg that were so amply doc­
umented by Muybridge? The effort to 
answer the question began early in this 
century with the work of two British 
physiologists, C. S. Sherrington and 
T. Graham Brown. Sherrington first 
showed that rhythmic movements could 
be elicited from the hind legs of cats and 
dogs some weeks after their spinal cord 
had been severed. Since the operation 
had isolated from the rest of the nervous 
system the nervous centers that control 
the movement of the hind legs, it fol­
lowed that the higher levels of the ner­
vous system are not necessary for the 
organization of stepping movements. 

Another notable discovery of this pe­
riod, although it was not generally rec­
ognized as such until quite recently, was 
Graham Brown's demonstration in 
1911 that rhythmic contractions of leg 
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by Keir Pearson 

muscles, similar to those that occur dur­
ing walking, could be induced immedi­
ately following transection of the spinal 
cord even in animals in which all input 
from sensory nerves in the legs had been 
eliminated. This discovery led Graham 
Brown to propose that mechanisms lo­
cated entirely within the spinal cord are 
responsible for generating the basic 
rhythm for stepping in each leg. Earlier 
Sherrington had stressed the importance 
of sensory input from peripheral nerve 
receptors in initiating and coordinating 
such movements; he explained the gen­
eration of rhythmic leg movements by a 
series of "chain reflexes" (a reflex being 
a stereotyped movement elicited by the 
stimulation of a specific group of sen­
sory receptors). Thus he conceived that 
the sensory input generated during any 
part of the step cycle elicits the next part 
of the cycle by a reflex action, producing 
in turn another sensory signal that elicits 
the next part of the cycle, and so on. 

The two concepts of a spinal rhythm­
generator for each leg and a triggering 
of leg movements by sensory signals are 
not incompatible. Indeed, Graham 
Brown considered that reflexes rein­
forced the centrally generated rhythm, a 

view that Sherrington later came to 
share. In 1924 Sherrington wrote: 
"From the observations of Professor 
Graham Brown, an intrinsic activity in 
spinal centres seems the essential ner­
vous mechanism responsible for incon­
scient stepping, a central activity com­
parable with that of the respiratory cen­
tre in the bulb [the brain stem], and like 
the latter, highly regulable by reflex ac­
tion." Recent experiments in a number 
of laboratories have yielded results 
that strongly support this dual view of 
the nervous mechanisms involved in 
walking. 

For almost 40 years following the in­
vestigations of Sherrington and 

Graham Brown there were no signifi­
cant advances in our understanding of 
how the nervous system controls walk­
ing. The major emphasis of research in 
this interlude was to determine the orga­
nization and the properties of the spinal 
reflexes. In general little effort was made 
to relate these findings to the normal be­
havior of the animal. Contemporary re­
search on the nervous control of walk­
ing began in the 1960's with the record­
ing of the patterns of muscle activity in a 

EARLY STUDY of the walking and running movements of the horse is represented by the 
engraving on the opposite page, made from two rapid sequences of photographs obtained by 
the 19th-century photographer Eadweard Muybridge with the aid of an electrically triggered 
series of cameras; the illustration is reproduced from the opening page of the October 19, 
1878, issue of SCIENTIFIC AMERICAN. The article accompanying the illustration, titled 
"A Horse's Motion Scientifically Determined," points out that the two series of "instan­
taneous photographs," forwarded by Muybridge following the appearance in the magazine of 
a short note about his experiments in California, show ''the movement of the horse 'Abe 
Edgington,' [the first] while walking . . .  ; the second showing the same horse while trotting ... .  
The exposure for each negative was about the two thousandth part of  a second. The vertical 
lines on the background are twenty-eight inches apart; the heavy horizontal line represents the 
level of the track; the others mark elevations of four, eight, and twelve inches respectively ••• . It 
will be seen that the walking horse always has two feet on the ground, and, for a brief interval 
in each stride, three feet. The positions of the feet shown in Figs. A and E indicate a stride of 
four feet four inches. When trotting ••• the stride of the same horse is over 18 feet. Figs. 1 to 12 
show the latter motion. In Figs. 4 and 5, and again in 9 and 10, the horse is entirely off the 
ground, literally flying through the air •••• The most careless observer of these figures will not fail 
to notice that the conventional figure of a trotting horse in motion does not appear in any of 
them, nor anything like it. Before these pictures were taken no artist would have dared to draw 
a horse as a horse really is when in motion, even if it had been possible for the unaided eye to 
detect his real attitude. ••• Mr. Muybridge's ingenious and successful efforts to catch and fix the 
fleeting attitudes of moving animals thus not only make a notable addition to our stock of posi­
tive knowledge, but must also effect a radical change in the art of depicting horses in motion." 
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freely walking cat by Ingmar Engberg 
and Anders Lundberg in Sweden. 

Then in 1965 the exciting discovery 
was made by the Russian workers M. L. 
Shik. F. V. Severin and G. N. Orlovskii 
that cats lacking the higher levels of the 
nervous system (the cerebral hemi­
spheres and the upper brain stem) could 

be made to walk in a controlled manner 
on a treadmill. After the eat's upper 
brain stem is cut and the forebrain is 
removed electrical stimulation of the lo­
comotor region in the remaining brain 
stem can cause the animal to walk when 
it is placed on a treadmill. The stepping 
movements on the treadmill are similar 

in all respects to those observed during 
normal walking; the gait the animal 
adopts depends on the speed of the 
treadmill and the strength of the stim­
ulating current. With a low treadmill 
speed and a weak stimulus the animal 
will walk. Increasing the speed of the 
treadmill and the strength of the stimu-

STIMULATING 
ELECTRODE 

STEREOTACTIC 
DEVICE 

TREADMILL 

EXPERIMENTAL ARRANGEMENT employed in the author's 
lahoratory at the University of Alberta to study the nervous control 
of walking in the cat was adapted from a method developed about a 
decade ago by a team of investigators in the U.S.S.R. The animal is 
first anesthetized and the higher regions of the nervous system are 
removed after severing the brain stem (see illustration below). Fol­
lowing this operation the animal is in a vegetative state, the only 
movements being those associated with respiration. By electrically 

NERVES TO 
HIND LEGS 

SPINAL CORD AND LOWER BRAIN STEM are isolated from 
the cerebral hemispheres and upper brain stem of the cat by cutting 
the brain stem at the line marked A-A' in this cross-sectional dia­
gram of the cat's central nervous system. In an alternative experi­
mental approach, developed early in this century by C. S. Sherring-
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stimulating the locomotor region of the remaining brain stem, how­
ever, the cat can be made to walk in a normal manner when placed 
on a treadmill. The rate of walking can be completely controlled by 
the experimenter by varying the speed of the treadmill and the 
strength of the stimulation. Because the animal is walking at a fixed 
position in space this arrangement, now used in a number of lab­
oratories, makes it possible to record the electrical activity of the 
nerve cells within the spinal cord, the brain stem and the cerebellum. 

NERVES TO 
FORELEGS 

CEREBRAL 
HEMISPHERE 

ton, the hind-leg segments of the spinal cord are isolated by cutting 
the cord at the line marked B-B' in the diagram. In the latter case the 
hind legs will walk on a treadmill immediately after the operation if 
the animal is treated with certain drugs. Without drug treatment re­
covery period of a few weeks is required before hind legs will walk. 
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Ius will cause the animal to trot. and 
with higher treadmill speeds and strong­
er stimuli the animal will gallop. Hence 
the walking behavior of the animal can 
be completely controlled by the experi­
menter. The great advantage of this ex­
perimental arrangement is that it en­
ables one to make electrical recordings 
from nerve cells within the nervous sys­
tem while the animal is walking. since 
the animal is fixed at one position in 
space. 

Throughout this century there have 
also been numerous studies of the ner­
vous control of walking in amphibians 
(such as toads and newts) and arthro­
pods (insects. crabs and crayfish). Much 
of the early work on these animals was 
done at a time when the dominant con­
cept in neurophysiology. originating 
with the work of Sherrington and I. P. 
Pavlov. was that reflexes were the basic 
units of behavior. Hence it is not sur­
prising that the early hypotheses on 
the control of walking in amphibians 
and insects held that reflexes were essen­
tial for the generation of the stepping 
rhythm. Quite recently. however. sub­
stantial evidence has accumulated dem­
onstrating that this notion is incorrect 
and that the basic rhythm is generated 
within the central nervous system and is 
modified by sensory input. One conse­
quence of this demonstration is the real­
ization that the basic stepping mecha­
nism of the cockroach. say. is similar to 
that of the cat. Indeed. the relative sim­
plicity of the walking system of the 
cockroach has provided much informa­
tion on the mechanisms by which reflex 
activity modulates the centrally generat­
ed rhythm. which in turn has led to con­
cepts that may make it possible to gain 
an understanding of the more complex 
systems. 

Most current research on walking has 
been directed toward four goals: (1) 
gaining a precise description of leg 
movements and determining which 
muscles produce these movements. (2) 
establishing that mechanisms within the 
central nervous system generate the ba­
sic rhythm for stepping. (3) determining 
the function of the sensory input from 
leg receptors and (4) determining the 
nervous mechanisms for coordinating 
stepping in different legs. The two ani­
mals most intensively studied have been 
the cat and the cockroach. Here I shall 
summarize some of the main findings 
from experiments involving the two ani­
mals. emphasizing those similarities 
that suggest general principles about the 
control of walking. 

In the cat there are four basic gaits: the 
walk. the trot. the pace and the gallop 

[see top illustration on next page]. During 
walking. trotting and pacing the step­
ping movements of the two hind legs 
alternate with each other. as the step­
ping movements of the two forelegs do. 

�p DP D D TAPE 

� co RECORDER 

'W :>7-1 _-.-JI'---O t+----------:-i : -<J--- o+------,i 
I I 

OSCILLOSCOPE AMPLIFIER 

ELECTRICAL ACTIVITY in the leg muscles of a freely walking cockroach is recorded by 
means of the apparatus shown here, devised by the author and his colleagues. Fine recording 
wires are implanted in the flexor and extensor muscles of the insect's leg and are anchored to 
the leg by tying them to the cuticle (the hard outer skeleton). The recording leads and a re­
straining thread are attached to a fixed terminal above the cockroach, and their length is ad­
justed so that the animal can walk about freely in a test area some two feet in diameter. 
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STEPPING PATTERNS of the cat and the cockroach are depicted 
schematically in these diagrams. Reading from left to right, each 
horizontal bar indicates for a single leg the time the foot is off the 
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DURING NORMAL WALKING the duration of the swing phase 
of a step (when the foot is off the ground) remains fairly constant 
compared with changes in the duration of the stance phase (when the 
foot is on the ground) for most animals. These two graphs show the 

80 

L3 L2 

SLOW WALK 

��� 
L1 

R3 

R2 

R1 

WALK/RUN (TRIPOD GAIT) 

L3§� 
L2 

L11 

R1 

R21 

R3 

TIME-"7 

ground (white parts of bar) and on the ground (gray parts of bar). 
During slow walking there is a back-to-front sequence of stepping 
for both animalS; the sequences are marked by the colored ellipses. 
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durations of the swing phase and the stance phase for the hind legs of 
the cat and the cockroach in relation to cycle time: the interval from 
the beginning of one swing phase to the beginning of the next. Colored 
scales indicate speed, measured in appropriate units for each animal. 
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The differences between the three gaits 
lie in the timing of the stepping of the 
two legs on one side of the animal. Dur­
ing slow walking the left foreleg, for ex­
ample, steps shortly after the left hind 
leg and before the right hind leg. Hence 
the stepping sequence is left hind leg, 
left foreleg, right hind leg, right foreleg, 
and so on. 

The transition from walking to trot­
ting is continuous, since with an increase 
in walking speed a foreleg begins to step 
before the opposite hind leg touches the 
ground. When the speed is such that di­
agonally opposite legs step at the same 
time, the animal is trotting. Pacing, 
which is done at the same speed as trot­
ting or at a slightly higher speed, is char­
acterized by the simultaneous stepping 
of the two legs on one side. During gal­
loping opposite legs move almost syn­
chronously and the forelegs alternate 
with the hind legs. The general feature 
that emerges from this analysis is that 
the coupling between adjacent legs 
(along and across the animal) is either 
in phase (stepping together) or out of 
phase (alternating). 

The gaits commonly seen in amphibi­
ans and arthropods resemble the walk­
ing and trotting gaits of cats. In the cock­
roach, which of course has six legs, the 
stepping of adjacent legs alternates dur­
ing moderate-speed and high-speed 
walking. Thus the stepping of the three 
legs right rear, left middle and right 
front alternates with the stepping of left 
rear, right middle and left front. The 
animal is therefore always supported by 
at least three legs, and for that reason 
the gait is referred to as the tripod gait. 
As the walking speed decreases, the gait 
is best described as a back-to-front se­
quence for the three legs on each side of 
the animal. At all times the two legs on 
any one segment of the insect strictly 
alternate. 

For slow walking a feature common 
to the cat and the cockroach is the back­
to-front sequence of stepping. The same 
is true of most other animals, a fact that 
is seen clearly in many-legged animals 
such as millipedes and centipedes, 
where "waves" of stepping appear to 
move from back to front. 

The step cycle for an individual leg 
consists of two basic phases: the 

swing phase, when the foot is off the 
ground and moving forward, and the 
stance phase, when the foot is on the 
ground and the leg is moving backward 
with respect to the body. The propul­
sive force for progression is developed 
during the stance phase. A common fea­
ture of the step cycle in the cockroach 
and the cat (and in most other animals, 
including man) is that the duration of 
the swing phase remains comparatively 
constant as walking speed varies. Ac­
cordingly changes in the speed of pro­
gression are produced primarily by 

EXTENSORS 

• • 

ONE SECOND 

COCKROACH 

'------' 
200 MILLISECONDS 

RECIPROCAL BURSTS of electrical activity are recorded in the flexor muscles and the ex­
tensor muscles during the swing phase (white) and the stance phase (gray) respectively, both 
for the cat walking on the treadmill (top) and for the cockroach walking about freely (bottom). 
The period of electrical activity corresponds to the time during which muscle is contracting. 

changes in the time it takes for the legs 
to be retracted during the stance phase. 

The simplest technique for determin­
ing what muscles are involved in giv­
ing rise to the swing and stance phases of 
the step cycle is to record the electrical 
activity in the leg muscles of a walking 
animaL Muscle contractions are initiat­
ed by a series of brief electric potentials 
propagated along the external mem­
brane of each muscle fiber. The sum of 
the electrical events from different fibers 
can be recorded by means of fine wire 
electrodes implanted in the muscle. The 
records obtained by this method are 
called electromyograms. 

To record electromyograms in the leg 
muscles of a freely walking cockroach 
the uninsulated ends of two very fine 
wires (two thousandths of an inch in 
diameter) are positioned in each of the 
leg muscles that produce movements 
around a joint. The other ends of the 
recording leads are connected to a ter­
minal mounted above the animal. and 
the lengths of the leads are adjusted so 

that the animal can walk about freely in 
an area two feet or so in diameter. The 
electrical signals from each muscle are 
then amplified and displayed on an os­
cilloscope. where they can be photo­
graphed. Storing the signals on magnetic 
tape enables one to do a computer anal­
ysis at a later time. To minimize any 
mechanical effect the recording wires 
might have on movement, recordings 
are usually made from only two muscles 
at a time. It is possible, however. to im­
plant as many as 24 electrodes in a single 
animal. The technique for recording 
electromyograms from the muscles in 
other walking animals is similar in prin­
ciple to the method developed for the 
cockroach. 

Most of the muscles that account for 
the movements of the hind legs of the 
cat and the cockroach can be classified 
as either flexor muscles or extensor mus­
cles according to whether the function 
of the muscle is to reduce the joint angle 
or to increase it. Electromyogram re­
cordings from the muscles during walk-
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ing have shown that the electrical activi­
ty of the flexors and extensors alter­
nates. The alternating bursts of activity 
that are observed are well correlated 
with the movement of the leg. The flex­
ors begin to discharge slightly before 
the initiation of the swing phase, and the 
resulting contractions in these muscles 
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rapidly lift the foot from the ground and 
move the leg forward with respect to the 
body. In the cat the extensors become 
active well before the end of the swing 
phase, causing the leg to straighten near 
the end of the swing, thereby producing 
an effective stride. The extensors remain 
active during most of the stance phase to 
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EXISTENCE OF A CENTRAL RHYTHM-GENERATOR for each leg of the cat and the 
cockroach is demonstrated by the fact that even after all sensory input from receptors in the 
hind legs had been disconnected, alternating rhythmic bursts of electrical activity were gen­
erated in the ftexor muscles and the extensor muscles in the hind legs of both animals (traces at 
top). The graph at bottom shows that in the cockroach the duration of the centrally generated 
ftexor bursts (colored dots) remained constant in contrast to the duration of the extensor bursts 
(black dots). The electrical data are consistent with the behavioral observation that during 
normal walking the duration of the swing phase of stepping remains comparatively constant. 
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support the animal's weight and to de­
velop the forward propulsive force. 
Similarly, in the hind leg of the cock­
roach activity in the extensor muscles 
during the stance phase straightens the 
leg and develops the forward thrust for 
walking. 

In both animals the variations in the 
amplitude and the times of the onset of 
electrical activity in the many different 
flexor and extensor muscles in each leg 
are complex and depend on the speed of 
walking. So far little is known about 
how these complex patterns of electrical 
activity are created by the central ner­
vous system. The apparently simpler 
problem of determining the mecha­
nisms responsible for generating the 
basic alternating pattern of activity in 
flexors and extensors, however, has re­
ceived much attention. 

Within the past few years a great 
deal of evidence has accumulated 

to support Graham Brown's original 
proposal that the basic rhythm for step­
ping in each leg of the cat is generated by 
mechanisms within the spinal cord, that 
in effect there is a central rhythm-gener­
ator for each leg. Compelling evidence 
for the existence of these rhythm-gener­
ators comes from the extensive investi­
gations of Sten Grillner and his col­
leagues in Sweden on the patterns of ac­
tivity in the flexor and extensor muscles 
after the elimination of sensory input 
from the receptors in the legs of walking 
cats. (Sensory input can be easily elimi­
nated by cutting the dorsal roots: dis­
tinct bundles of nerves that enter the spi­
nal cord and contain almost all the sen­
sory nerve fibers from the legs but none 
of the motor-nerve fibers supplying the 
muscles.) One of the most important re­
sults reported by the Swedish workers 
was that after the hind-leg segments 
have been isolated (by cutting either the 
spinal cord or the upper brain stem) the 
rhythmic reciprocal patterns of activity 
in flexors and extensors of the cat's hind 
leg could still be generated in the ab­
sence of sensory information from pe­
ripheral receptors in the leg. Moreover, 
they found that when such "spinal" or 
"decerebrate" cats were made to walk 
on a treadmill, the temporal sequence of 
activation of different hind-leg muscles 
was not altered by removing sensory in­
put from the hind legs. The latter result 
showed that in addition to the basic 
rhythm being centrally generated, cen­
tral mechanisms are responsible for de­
termining the order in which different 
muscles are activated. 

Similar results were obtained by John 
F. lies and me in our investigations of 
the cockroach. After eliminating all sen­
sory input from the legs of headless ani­
mals we found that the reciprocal pat­
terning in hind-leg flexor and extensor 
motor neurons persists, the sequence of 
activation of different motor neurons re-
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ORGANIZATION of the central rhythm-generating system for 
each hind leg of the cockroach is outlined here. The interactious of a 
system of interneurons, called collectively the flexor burst-genera­
tor, produce oscillations in the electric potential across the mem­
brane of one of the members of this group of interneurons (interneu. 

rOll 1). These oscillations in membrane potential in turn generate re­
ciprocal bursts of electrical activity in the flexor motor neurons and 
at the same time inhibit activity in the extensor motor neurons. Dia­
gram assumes that flexor burst-generator and extensor motor neu­
rons are activated by central command interneurons from the brain. 

mains the same as that in normal walk­
ing animals and the duration of the 
flexor activity remains fairly constant. 
Evidently there exist within the lower 
levels of the cockroach's nervous sys­
tem networks of nerve cells that can gen­
erate the rhythmic sequence of electri­
cal activity in flexors and extensors 
similar to the activity observed in these 
muscles during normal walking. 

Centrally generated patterns of motor 
activity have now been found to under­
lie all kinds of stereotyped behavior in 
both vertebrate and invertebrate ani­
mals; behavior of this type includes 
respiration. eye movements. chewing. 
swallowing and flight. Neurophysiolo­
gists usually refer to such patterns of 
activity as motor programs. 

The cellular mechanisms responsible 
for centrally generating rhythmic recip­
rocal bursts of activity in motor neurons 
are just beginning to be understood. Lit­
tle progress has yet been made in deter­
mining such mechanisms in vertebrates. 
primarily because of the immense com­
plexity of the nervous system of these 
animals. As a result most of our current 
ideas about the cellular basis of central 
rhythm-generation have come from 
studies of invertebrates. In these ani­
mals it has been found that the rhythmic 
activity in motor neurons can be gener­
ated in two qualitatively different ways: 
it can result from intrinsic oscillatory 
activity in individual nerve cells called 
pacemakers or it can emerge as a prop­
erty of an interconnected group of nerve 
cells none of which have the property of 
intrinsic oscillation. There is no evi-

dence that in the walking systems of ani­
mals pacemaker nerve cells are respon­
sible for generating the rhythmic motor 
patterns. There is evidence. however. 
that a group of interconnected nerve 
cells generates the reciprocal rhythm of 
activity in the hind leg of the cockroach. 

The patterns of activity in cockroach 
flexor and extensor motor neurons. that 
is. the nerve cells that give rise to the 
contraction of the flexor and extensor 
muscles. led lies and me to suggest in 
1970 that the reciprocal burst activity is 
generated by a system of interneurons 
(which we call a flexor burst-generator) 
that periodically excites the flexor mo­
tor neurons and inhibits the extensor 
motor neurons. Subsequently Charles 
R. Fourtner and I succeeded in making 
intracellular recordings with microelec­
trodes from interneurons within the ner­
vous system of the cockroach during 
rhythmic leg movements. Our results 
strongly supported the concept of a flex­
or burst-generating system. We identi­
fied a single interneuron in which the 
electric potential across the external 
membrane oscillated in phase with the 
rhythmic burst activity in flexor motor 
neurons. When similar oscillations in 
the membrane potential of this interneu­
ron were artificially created by passing 
currents through the recording elec­
trode. we were able to mimic the bursts 
of activity normally generated in the 
motor neurons during rhythmic leg 
movements. Moreover. the excitation of 
the flexor motor neurons was accompa­
nied by inhibition of any spontaneous 
activity in the extensor motor neurons. 

The interneuron exciting the flexors 
and inhibiting the extensors appears to 
belong to a network of nerve cells. and 
the interaction among the members of 
the network is responsible for the rhyth­
mic activation of the flexors. The inter­
esting feature of this rhythm-generating 
system in the cockroach is its asymme­
try: there does not appear to be a system 
of interneurons responsible for generat­
ing the extensor bursts. The extensors 
are continuously excited. and their ac-' 
tivity is periodically interrupted by inhi­
bition from the flexor burst-generator. 
The flexor burst-generator gives rise to a 
burst of electrical activity that is fairly 
constant in duration. regardless of the 
rate at which bursts are produced; as a 
result the duration of the swing phase 
varies only slightly with walking speed. 

Although less is known about how the 
walking rhythm is generated in the cat's 
spinal cord. we do know that the rhythm 
does not depend on direct coupling of 
motor neurons. As in the cockroach. in· 
teractions within a network of inter­
neurons are responsible. A number of 
different models for how systems of in· 
terneurons can give rise to the walk­
ing rhythm. including one originally pro· 
posed by Graham Brown in 1914. arc 
currently under consideration. but at 
present there is not enough information 
t9 assess the validity of any of them. 

The existence of central rhythm-gen· 
eration for each leg does not mean 

that sensory input is unimportant in the 
patterning of motor activity. In fact. 
sensory input is essential if the animal is 
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to be able to adapt its stepping move­
ments promptly to compensate for ir­
regularities in the terrain on which it is 
walking. For example. the stepping of 
the hind legs of a cat that has undergone 
either a spinal or a cerebral transection 
adapts to match the speed of a treadmill 
for a wide range of treadmill speeds. 
Since there is little change in the dura­
tion of the swing phase. the adaptation 
of the step cycle to the treadmill speed 
results from a decrease in the duration 
of the stance phase. The explanation for 
this phenomenon is that a sensory signal 
indicates the completion of leg exten­
sion during the stance phase and 
switches the motor program from 
stance to swing. Hence following a 
stereotyped swing phase the foot is 
placed on the treadmill and moves back­
ward with the speed of the treadmill un­
til a sensory signal triggers the initiation 
of the next swing phase. 

Two conditions seem to be necessary 
for the swing phase to be initiated. First. 
the hip joint must be extended; second. 
the extensor muscles must be unloaded. 
Both of these conditions are fulfilled 
near the end of the stance phase. The 
sensory switching is effected by means 
of circuits located within the hind-leg 
segments of the spinal cord. This impor­
tant conclusion comes from the work of 
Grillner and his colleagues Serge Ros­
signol and Hans Forssberg. who showed 
that preventing extension of the hind leg 
of a spinal cat walking on a treadmill 
inhibits stepping in that leg. If the leg is 
allowed to extend slowly. the swing 
phase is eventually initiated when the 
leg is in a position close to the position 
where swing is initiated during normal 
walking. 

The principle that a leg must be un­
loaded for swing to be initiated also ap-

FLEXOR HALF·CENTER 

plies to the walking system of the cock­
roach. Activation of the receptors that 
detect forces in the cuticle (the hard ex­
ternal skeleton) of the leg during the 
stance phase inhibits the flexor burst­
generating system of interneurons and 
thereby prevents the switching from 
stance to swing. As the leg is extended 
during the stance phase the stresses in 
the cuticle diminish. since the animal's 
weight is carried to a greater extent by 
other legs. This movement eliminates 
the inhibitory influence of the cuticle 
stress receptors from the flexor burst­
generator. thus enabling the system to 
become active and so produce the swing 
phase. 

In the cockroach the switching of the 
motor program from swing to stance is 
also triggered by a sensory input. A 
group of hair receptors is excited by 
flexion movements during the swing 
phase. The sensory input from these re­
ceptors inhibits the flexor motor neu­
rons and the flexor burst-generating sys­
tem. The latter effect terminates the flex­
or burst (and hence the swing phase) 
and enables the leg to initiate the stance 
phase. The initiation of stance is also 
facilitated by an excitatory connection 
from the hair receptors to the motor 
neurons of the extensor muscle. The in­
hibitory pathway from the hair recep­
tors to the flexor burst-generator en­
sures that the leg position at the end of 
the swing phase remains constant re­
gardless of the position from which the 
step was initiated. 

Apart from the fact that the sensory 
input functions to switch the motor pro­
gram from one phase to the other. it is 
clear that it also functions to modify the 
motor program during the execution of 
a single phase. Grillner and his col­
leagues described a functionally impor-
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tant reflex of this type in the hind leg of a 
spinal cat. They showed that electrical 
or mechanical stimulation of receptors 
in the skin on the top of one of the cat's 
hind feet during the swing phase causes 
a large increase in the electrical activity 
of the leg flexors and as a result the leg is 
lifted higher. The function of this reflex 
under natural conditions is easy to see. 
since the top of the foot will often hit a 
fixed object. The reflexive elevation of 
the foot will then enable the foot to 
avoid the object. A significant feature of 
the reflex is that it appears in the spinal 
animal. It follows that this automatic 
compensation in the step cycle for exter­
nal perturbations does not necessarily 
req uire the participation of higher levels 
in the nervous system. 

In the cockroach feedback from the 
stress receptors in the cuticle excites 
the extensor motor neurons during the 
stance phase. Since these motor neurons 
are active during the stance phase. the 
sensory input enhances the amplitude of 
the extensor activity. The effect can be 
regarded as a reinforcing reflex; its func­
tion is to compensate for variations in 
load when the resistance to extension 
unexpectedly changes. For example. if 
the load carried by the leg is suddenly 
increased because of irregular move­
ment in one or more of the other legs. 
there is an increase in the activity of the 
cuticle stress receptors and thus an in­
crease in extensor activity to resist any 
tendency of the additional load to de­
crease the rate of extension. In the cat's 
hind leg a reinforcing reflex may also 
function during the stance phase to help 
compensate for any unexpected in­
crease in the load on the extensor mus­
cles, since increasing the resistance to 
leg extension during the stance phase 
causes a marked increase in extensor ac-

HALF-CENTER MODEL for explaining the central generation of 
rhythmic reciprocal activity in the flexor and extensor motor neu­
rons of the cat's hiud leg, originally proposed by the British neuro­
physiologist T. Graham Brown more than 60 years ago, is presented 
here in its modern version. According to this view, the flexor and ex­
tensor motor neurons, together with their associated driving inter­
neurons, each constitute a "half-center." The two half-centers are 

assumed to mutually inhibit each other, so that when one is active, the 
other is inactive. For rhythmic activity to be generated some mecha­
nism is needed to switch the activity from one half-center to the 
other. One possible switching mechanism would be a comparatively 
slow intrinsic inactivation of the active half-center, which would 
have the effect of lessening the inhibition of the other half-center, 
enabling it to become active. Other models have also been proposed. 
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REFLEX P A THW A YS in the hind leg of the cockroach are orga­
nized to modify the centrally generated patterns of activity in the 
flexor and extensor motor neurons. During the stance phase of a step 
stress-receptors in the cuticle of the leg are excited and the input 
from these receptors inhibits the flexor burst-generator (dark 
colored pathway), thus preventing the initiation of the swing phase 
until the leg is unloaded at the eud of stance. The reflex effect from 
the cuticle stress-receptors therefore contrals the switching of the 

motor program from stance to swing. Activation of the hair recep­
tors during swing inhibits the flexor burst-generator (light colored 
pathway) near the end of the swing phase, thereby causing the pro­
gram to switch from swing to stance. This switching is facilitated by 
an excitatory effect of the hair receptors ou the extensors. The cuti­
cle stress-receptors also excite the extensor motor neurons during 
stance (gray pathway); this reflex reinforces central excitatory in­
put to motor neurons. Central command neurons descend from brain_ 

tivity. This reflex compensation takes a 
significant amount of time and could 
function effectively only in a cat that is 
walking rather slowly. 

In brief, it seems clear that reflexes 
have two quite different functions in 
controlling the step cycle of a single leg. 
The first is to switch the motor program 
from one phase to the other (that is, to 
initiate the swing phase or to initiate 
the stance phase) and the second is to 
modify the motor output within a single 
phase. 

The mechanisms that coordinate step­
ping in different legs are so far poor­

ly understood. There are evidently three 
mechanisms that can function to coordi­
nate stepping: (1) direct central coupling 
of rhythm-generators in each leg by 
pathways entirely within the nervous 
system; (2) indirect coupling of the 
rhythm-generators by a mechanical 
linkage such that movements of any one 
leg would alter the sensory influences on 
the rhythm-generators of the other legs; 
(3) direct sensory influences communi­
cated from one leg to the rhythm-gener­
ators of the other legs. Central inhibito­
ry coupling between adjacent rhythm­
generators has been demonstrated dur­
ing walking in the cat and the cock­
roach. Following the elimination of all 
sensory input from the hind legs of spi­
nal cats, the motor activity in opposite 

legs continues with a rhythmic alternat­
ing pattern similar to the one observed 
during normal walking. In the cock­
roach, on the other hand, flexor activity 
in adjacent legs rarely occurs synchro­
nously, even after sensory input has 
been eliminated. 

This observation in the cockroach, 
combined with an analysis of the electri­
cal activity in the interneurons that con­
nect adjacent segments of the insect, led 
Iles and me to conclude that adjacent 
flexor burst-generators mutually inhibit 
each other by means of central path­
ways. Mutual inhibitory coupling be­
tween adjacent flexor burst-generators 
explains the behavioral observation that 
adjacent legs never step at the same 
time. In addition to the central inhibito­
ry coupling indirect coupling of rhythm­
generators by means of mechanical link­
ages is important in coordinating step­
ping in the cockroach, particularly when 
the animal is walking on an uneven sur­
face. 

In a walking cockroach the legs that 
are loaded by the animal's weight are 
prevented from initiating the swing 
phase because the activity in the cuticle 
stress-receptors inhibits the flexor burst­
generator associated with each of those 
legs. The swing phase can be initiated 
only in the legs that carry little or no 
load. When a stepping leg finds solid 
support, it will begin to carry some of 

the animal's weight and will thus de­
crease the load carried by one or more 
of the other legs. This effect may be suf­
ficient to then allow the initiation of the 
swing phase in the other legs. Subject to 
the condition that no two adjacent legs 
can step at the same time (because of 
the mutual inhibition between adjacent 
flexor burst-generators) ,  there may not 
necessarily be any precise and predict­
able temporal relation between the step­
ping movements of the different legs 
when the animal is walking on an un­
even surface. The inhibition of the 
flexor burst-generators by sensory input 
from cuticle stress-receptors (signaling 
the load carried by the leg) is an efficient 
mechanism for enabling the animal to 
automatically adapt its gait to the ter­
rain on which it is walking, so that the 
animal can walk stably at all times. 

Each flexor burst-generator in the 
cockroach can be regarded as a simple 
decision-making element. The decision 
to be made is whether to initiate a step or 
not. The flexor burst-generator makes 
the decision on the basis of information 
from peripheral receptors signaling the 
state of that leg and information from 
other flexor burst-generators signaling 
the state of adjacent legs. The decision 
to step is made when the position of all 
the legs is such that a step will not lead to 
instability. 

The outcome of the recent investiga-
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tions into the nervous control of walking 
in many different animals has been to 
show that the basic nervous circuits for 
walking are located in the lower levels 
of the nervous system. The work on the 
cat, for example, has confirmed the con­
clusion of Sherrington and Graham 
Brown that stepping is an essentially au­
tonomous act depending primarily on 
nervous circuits within the spinal cord. 
It appears that an important feature of 
walking systems in all animals is that the 
higher centers of the nervous system are 
not necessary for the basic patterning of 
motor activity. 

This does not mean that the higher 
centers play no role in the control of 

PROTHORACIC 
GANGLION 

MESOTHORACIC 
GANGLION 

walking. They are certainly involved in 
the initiation and maintenance of walk­
ing, but the pathways that convey the 
commands for walking from them have 
not yet been identified. Another impor­
tant function of the higher centers, par­
ticularly in mammals and birds, is to 
modulate the basic walking motor pro­
gram in response to sensory inputs from 
receptors in the head, such as the eyes 
and the vestibular apparatus (the recep­
tor organ in the ear that senses the posi­
tion and motion of the head). The mod­
ulation of the motor 

'
program by inputs 

from the receptors in the head presum­
ably functions not only to control the 
direction of walking but also to help en-
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STEPPING IS COORDINATED in the six legs of a walking cockroach by means of the ner­
vous pathways sketched here against the backgrouud of the insect's thoracic nerve cord 
(gray). For each leg there exists within the thoracic nerve cord a flexor burst-generator, which 
when active excites the flexors to produce the swing phase. Adjacent flexor burst-generators 
mutually inhibit each other; as a consequence no two adjacent legs can step at the same time. 
The existence of such pathways explaius the basic alternating pattern of stepping in adjacent 
legs. An inhibitory input from the cuticle stress-receptors to the flexor burst-geuerators pre­
vents any leg from stepping when it is loaded during stance (red pathways), thereby providiug 
a mechanism for adapting the pattern of stepping when animal is walking on uneven surface. 
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sure that balance and stability are main­
tained at all times. 

There are two further striking similar­
ities between the mechanisms re­

sponsible for the control of walking in 
the cat and those responsible in the 
cockroach. The first is that the basic re­
ciprocal rhythm of electrical activity in 
flexors and extensors can be generated 
in the absence of sensory input from re­
ceptors in the legs. Moreover, in both 
animals the duration of the centrally 
generated flexor bursts is fairly constant 
compared with the variation in the dura­
tion of the extensor bursts. This finding 
corresponds to the behavioral observa­
tion that the duration of the swing phase 
remains essentially constant for large 
changes in walking speed. 

The second similarity is that reflexes 
function to switch the motor activity 
from extension to flexion. The initiation 
of the swing phase requires that the leg 
be extended and unloaded. Reflexes can 
also function to modulate the motor ac­
tivity within either the swing phase or 
the stance phase. Both types of reflex 
function to modify the motor program 
in order to adjust the stepping move­
ments to unpredictable variations in the 
external environment. It is also impor­
tant to note that these reflexes can func­
tion in animals after the higher levels of 
the nervous system have been discon­
nected. Thus automatic adaptation of 
the stepping movement to the environ­
ment is partly achieved by reflex path­
ways confined to the lower levels of the 
nervous system. 

At first the marked similarities be­
tween the basic mechanisms for the con­
trol of walking in the cat and those for 
the control of walking in the cockroach 
may seem surprising, particularly when 
it is considered that mammals and in­
sects evolved separately from nonwalk­
ing wormlike ancestors. The similarities 
become more understandable, however, 
when it is remembered that in both 
groups of animals the walking system 
evolved for the same function, namely 
to move the animal rapidly and stably 
over uneven terrain. There are numer­
ous examples in nature where evolution­
arily unrelated animals rely on similar 
mechanisms for the same task: witness 
the similarity of the eye of cephalopod 
mollusks, such as the octopus, and the 
eye of vertebrates. The similarity of the 
walking systems in the cat and the cock­
roach suggests that the number of ways 
of optimally constructing a walking sys­
tem is quite limited. 

From the study of walking in diverse 
animals there are clearly beginning to 
emerge some common principles under­
lying the control of walking. A better 
understanding of these principles may in 
turn contribute to a better understand­
ing of how the nervous system controls 
walking in man. 
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SUPERNOVA EXPLODING in the galaxy NGC 5253 was so 
powerful that for a few weeks it was as brilliant as all the rest of the 
stars in the galaxy combined. It was discovered in May, 1972, and 
was photographed with the 48-inch Schmidt telescope on Palomar 
Mountain by Charles T. Kowal of the California Institute of Tech­
nology. The supernova was the fifth to be discovered in an external 

88 

galaxy in 1972, so that it was designated SN 1972e. The sequence of 
photographs, which reads from left to right and top to bottom, was 
made over a period of nearly a year as the brightuess of the star de­
clined from May 16, 1972 (top left), through April 24, 1973 (bottom 
right). The spectrum of the object indicates that it was a Type I super­
nova, the explosion of a star with about the same mass as the sun. 
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Supernovas in Other Galaxies 
These stellar cataclysms occur about once every 50 

years in a galaxy. Therefore the nature of supernovas 

can best be investigated in galaxies outside our own 

A
supernova, the catastrophic ex­

plosion of a massive star, is be­
lieved to occur in a galaxy about 

twice a century. The last supernova visi­
ble from the earth in our own galaxy 
was seen in 1604, five years before the 
telescope was first turned on the sky. 
Since thousands of galaxies are visible 
from the earth with large telescopes, 
however, on the average one may expect 
to see a supernova in one galaxy or an­
other once every few months. Indeed, in 
observatories around the world there 
are astronomers monitoring the sky for 
the appearance of such stellar explo­
sions in distant galaxies-explosions 
that for a few weeks may outshine all 
the rest of a galaxy's billions of stars 
combined. 

Nearly 400 extragalactic supernovas 
have been observed over the past 90 
years. Such observations have helped to 
make it possible to develop a complete 
picture of the life cycle of stars. It is 
believed by most astrophysicists that a 
supernova is a violent explosion that 
disrupts a star and ends its life as a nor­
mal star. Some supernovas may leave 
behind cosmic ashes in the form of a 
neutron star or a black hole. It has also 
been suggested that the tremendous heat 
and pressure generated in the explosion 
synthesize new elements and then expel 
them into the interstellar gas of a galaxy, 
and that perhaps supernovas are the ori­
gin of the cosmic rays that steadily bom­
bard the earth. It has been imagined 
further that the energy released by the 
supernovas is somehow related to such 
exotic and powerful extragalactic ener­
gy emitters as the Seyfert galaxies and 
the quasars. 

The first, and the brightest, supernova 
seen in an external galaxy first became 
visible in 1885. In August of that year a 
new star suddenly appeared in the cen­
tral region of our neighboring galaxy the 
Great Nebula in Andromeda. The star 
brightened rapidly until it reached the 
seventh magnitude: just a little fainter 
than the faintest star visible to the unaid­
ed eye. At that time it was not even 
known whether the Andromeda nebula 
and similar nebulas were objects within 
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our galaxy or were separate systems of 
stars outside it. Ordinary novas, the fair­
ly common stellar explosions in which a 
star brightens by a factor of perhaps 
10,000, were well known in 1885. It was 
assumed that the new star in the An­
dromeda nebula was an ordinary nova, 
and this assumption provided an esti­
mate for the distance of the nebula that 
placed it well within the confines of our 
galaxy. 

In the 1920's the work of Edwin P. 
Hubble on variable stars in the Androm­
eda nebula and other spiral nebulas 
proved that such systems were at great 
distances from our own galaxy. Only 
then was the real nature of the new stars 
seen in those systems recognized. Once 
it was realized that the distance to the 
Andromeda nebula was not merely 
thousands of light-years but hundreds of 
thousands the extraordinary luminosity 
of the supernova of 1885 became clear. 
That star had been not just 10,000 times 
more luminous than an ordinary star 
but more like 10 billion times more lu­
minous. 

Even after the spiral nebulas were 
firmly established as external galax­

ies and the magnitude of the supernovas 
within them was recognized, no system­
atic study of supernovas in other galax­
ies was undertaken until Fritz Zwicky of 
the California Institute of Technology 
began to search for them in 1934. Using 
a camera with a lens 3Y'4 inches in diam­
eter mounted on the roof of the astrono­
my building at Cal Tech, he repeatedly 
photographed a rich cluster of galaxies 
in the constellation Virgo. Afterward 
he carefully examined the photographs 
for new stars. In September, 1936, he 
expanded his work with an 18-inch 
Schmidt telescope that had just been set 
up on Palomar Mountain. Over the next 
three years Zwicky discovered 12 super­
novas in other galaxies, compared with 
2 1  that had been accidentally discov­
ered over the preceding half century. 
For each supernova Zwicky, in collabo­
ration with Walter Baade and Rudolph 
Minkowski. recorded the change of the 
star's brightness over a period of time 

and analyzed the star's light spectro­
scopically. 

Zwicky's work in surveying distant 
galaxies for supernovas was as remark­
able for its motivation as for its produc­
tivity. Even before he began his system­
atic observational work in 1933 he had 
predicted that the supernova outbursts 
were stars that were collapsing to be­
come neutron stars. This prediction he 
made ohly two years after the discovery 
of the neutron. Furthermore, he con­
tended that as the stars collapsed their 
composition was altered and that they 
emitted cosmic rays. The succeeding 44 
years have shown that Zwicky's intui­
tion was certainly directed toward the 
right questions, although even today the 
answers are still not clear. 

Working with the 18-inch Schmidt 
telescope on Palomar in 1937, Zwicky 
discovered an eighth-magnitude super­
nova in the nearby irregular galaxy IC 
4 128. Minkowski immediately under­
took a series of spectroscopic observa­
tions of the supernova, observations 
that provided the bulk of the spectro­
scopic information on supernovas until 
as recently as 1972. In that year another 
bright supernova was discovered by 
Charles T. Kowal of Cal Tech in the 
nearby irregular galaxy NGC 5253. It 
was designated SN 1972e, for the fifth 
supernova to be observed in 1972. 
Much of the information about super­
novas that has been gained since Min­
kowski's work is based on data secured 
from this bright supernova with modern 
observational techniques. 

The system for searching for superno­
vas today is for the most part not very 
different from the one employed by 
Zwicky. A set of regions in the sky is 
chosen, generally on the basis of how 
many galaxies in each region are close 
enough to our galaxy for supernovas 
within them to be detectable. Night af­
ter night, month after month, the same 
regions are repeatedly photographed. 
The photographic plates are superposed 
or are laboriously scanned in pairs with 
a blink microscope, which reveals if a 
new star has appeared on one of the 
plates. If a suspected new star is found, 
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as one is once every few months in a 
typical search, the photograph is usually 
repeated to be certain that a grain of 
dust on the plate or a microscopic defect 
in the emulsion has not been mistaken 
for a stellar cataclysm. 

When the observer is certain that the 
object detected is real, he measures its 
position, estimates its brightness and 
sends a message by telegram or tele­
phone to the Central Bureau for As­
tronomical Telegrams in Cambridge, 
Mass. From Cambridge telegrams with 
the relevant information in code are dis­
patched to observatories around the 
world. Interested astronomers at other 
observatories then decode the telegram 
and can begin their own observations of 
the supernova. 

The system is not perfect. The time 
required for the original observer to 
make the photograph, examine the plate 
for a supernova and repeat the observa­
tion on the next clear night can be sever­
al days. The telegram sent to other ob­
servatories from Cambridge may arrive 
on a weekend or at night, when no one is 
there to receive it. When a supernova 
explodes, however, its brightness usual­
ly increases quite rapidly. Since our re­
sponse to supernovas is somewhat slug­
gish, relatively few supernovas have 
been observed before they have attained 
their maximum brightness. And that 
early period of their development is po­
tentially of major importance to the 
gaining of an understanding of the na­
ture of supernovas. 

The techniques by which galaxies are 
monitored for supernovas are being 

improved. One example is the real-time 
search program conducted by Justin 
Dunlap at the Corralitos Observatory 
of Northwestern University near Las 
Cruces, N.M. A 24-inch reflecting tele­
scope is programmed to move rapidly 
and automatically through observations 
of a sequence of galaxies. An exposure 
of a few seconds with a television cam­
era generates a picture of each galaxy on 
a television screen in the observer's 
room. The observer compares the image 
with a reference image, decides whether 
or not any new star has appeared and 
then has the telescope proceed to the 
next galaxy. 

In Dunlap's real-time search program 
hundreds of galaxies can be checked 
each night, and the results are immedi­
ately known. The galaxies chosen are 
close enough for any supernova in them 
to be easily detectable before it reaches 
its maximum brightness. The efficiency 
of the system was demonstrated in Janu­
ary, 1975, when Dunlap discovered a 
supernova in NGC 2207 six days before 
it attained its maximum brightness. 
During that period the supernova was 
closely monitored by Halton C. Arp on 
Palomar and by me at the Kitt Peak Na­
tional Observatory in Arizona. It is clear 
that the future of supernova searches 
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EVOLUTION OF A SUPERNOVA is different for stars of different masses. A star only a 
few times as massive as the sun (top row) fuses hydrogen into helium in its core (dark color) in 
a stable manner for several billion years (1). After most of the hydrogen is exhausted the core 
of the star contracts while the exterior of the star expands, and the star becomes a red giant (2). 
Eventually the outer layers of the red giant are puffed away by the star as a planetary nebula 
(3), such as the Ring Nebula in the constellation Lyra, leaving behind a stable white dwarf (4). 
It is believed that Type I supernovas are members of double-star systems (second row), where 
their early evolution (1 and 2) is the same as the evolution of their solitary counterparts. When 
they reach the white-dwarf stage (3), however, matter is transferred suddenly from the com­
panion star (4), adding matter to the white dwarf and pushing its mass past the critical limit of 
1.44 solar masses. At that point the core of the white dwarf collapses violently, releasing energy 
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as a supernova (5) and leaving behind a binary system composed of 
an ordinary giant star and an X-ray source (6). For a star much more 
massive than the sun (third and bottom rows) the evolution of a super­
nova is different. Such a star also fuses hydrogen into helium in its 
core for a few hundred million years (1), and when the hydrogen is 
nearly exhausted, the core contracts, the outer layers of the star ex­
pand and the star becomes a red giant (2). Hydrogen continues to be 
burned in a sheD (dark color) around the core as the core itself con­
tracts until it heats up enough to fuse helium (white) into carbon (3). 
When the helium is nearly exhausted, the core begins to burn the car­
bon. At that point one of two catastrophes can befall the star. The 
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ignition of the carbon (black) itself (4) could induce instabilities that 
would detonate the star as a supernova of Type II (5), leaving behind 
nothing but an expanding gaseous remnant (6). Or, if the carbon is 
safely ignited, the extraordinarily high temperatures in the core could 
generate neutrinos (v) at an ever increasing rate (7 and 8), sapping 
the star's energy and causing its core to plunge headlong into total 
collapse. In this case a final burst of neutrinos might carry away so 
much of the red giant's rotational momentum that it would blow off 
the entire outer envelope of the star. An explosion of this kind (9) 
would leave behind a gaseous remnant, in the center of which would 
be a pulsar (a rapidly rotating neutron star) or a black hole (10). 
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lies with detection systems that are semi­
automatic or even fully automatic. 

In the past when a supernova has been 
discovered and word of its existence has 
been circulated, the interested investiga­
tor has had to face a difficult choice: 
should he obtain photometric data, that 
is, quantitative measurements of the 
brightness of the object as seen through 
a series of standard filters? Or should he 
obtain spectroscopic data, that is, mea­
surements of the relative intensity of the 
star's light over a range of wavelengths? 
Generally speaking, precise photomet­
ric data can be got quickly and easily; 
spectra take more time but are richer in 
information. In practice the observer's 
choice is often determined by the instru­
ments that are attached to the telescope 
at the time the announcement of the su­
pernova reaches the observatory. 

In recent years several supernovas 
have been observed with the 200-inch 
telescope on Palomar with the aid of a 
new instrument that combines the preci­
sion of photometry with the detail of 
spectroscopy. The instrument, designed 
by J. Beverley Oke of Cal Tech, is a 
multichannel spectrophotometer. Inside 
the spectrophotometer are 32 photo­
multiplier tubes that can rapidly mea­
sure the brightness of a supernova in 
each of 100 or more narrow bands of 
wavelengths. The bands range in width 
from 20 to 360 angstroms; the instru­
ment is sensitive to the entire range of 
wavelengths from 3, 100 angstroms in 
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the ultraviolet to 1 1,000 angstroms in 
the near infrared. The data obtained 
with the instrument by Arp and Oke, 
together with Leonard Searle, Michael 
Penston, Jesse L. Greenstein and James 
E. Gunn, provide the basis for much of 
the knowledge of supernovas that has 
recently been gained. 

I t has been known since Minkowski's 
work in the 1940's that supernovas 

can be divided into two classes based on 
their spectra; the two classes are desig­
nated Type I and Type II. Supernovas 
of Type I form a fairly homogeneous 
group with relatively little variation be­
tween the spectrum of one star and that 
of the next. They are the only type of 
supernova found in elliptical galaxies, 
which are believed to be very old and 
which are known to have few, if any, 
stars more massive than the sun. Thus 
supernovas of Type I are assumed to be 
the explosion of a star of about one solar 
mass. If a Type I supernova is observed 
photometrically through the standard B 
filter of blue light, it is seen to rise to its 
maximum brightness in several days, to 
remain there for several more days and 
then to decline rapidly for about 30 
days. After that a Type I supernova 
fades in a curve that is almost exactly 
exponential. Near the maximum bright­
ness the spectrum of such a supernova is 
distinguished by a strong absorption line 
of ionized silicon at the wavelength of 
6, 150 angstroms. 
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DAYS AFTER MAXIMUM BRIGHTNESS 

LIGHT CURVES OF SUPERNOVAS of Type I (black) and Type II (color) are quite dif­
ferent. The light curves are a graph of the supernova's decline in brightness, measured in terms 
of the logarithmic scale of magnitudes (each magnitude represents a factor of about 2 '/2 times 
in brightness), plotted over a period of hundreds of days. The light curve of the Type I super­
nova SN 1972e shows a steep decline in brightness foUowed by an almost perfect exponential 
decay. Such behavior is typical of a Type I supernova. The light curve of the Type II super­
nova SN 1970g, which was discovered in the galaxy MI0l, shows a much more complex pat­
tern. Dots represent actual observations. They were made photometrically through standard 
blue filter. Here Type II supernova was fainter than Type I, but that is not necessarily the case. 
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Supernovas of Type II constitute a 
much less homogeneous group than 
those of Type I. They are found princi­
pally in the arms of spiral galaxies. 
which are rich in massive young stars. It 
is hence assumed that a Type II superno­
va is the explosion of a star far more 
massive than the sun. That assumption 
seems to be confirmed by spectrometric 
measurements of the strength of the 
emission lines of hydrogen in the ejected 
material, which indicate that the mass of 
the ejecta is equal to at least one solar 
mass. If a typical Type II supernova is 
observed photometrically through the 
standard B filter, it is also seen to rise 
rapidly to maximum brightness, remain 
there briefly and then decline rapidly for 
roughly 25 days. Its further decrease in 
brightness, however, is not exponential. 
Instead its brightness declines to a pla­
teau where it remains for between 50 
and 100 days. Then it declines even 
more steeply. Near the maximum 
brightness of a Type II supernova the 
spectrum of the star is distinguished by a 
strong emission line of hydrogen at the 
wavelength of 6,563 angstroms. 

If supernovas of Type I and Type II 
arise from very different kinds of stars, 
why are the early parts of their light 
curves so much alike? Moreover, what 
is physically happening inside the star as 
the supernova develops? Why should a 
star with a mass as small as that of the 
sun, which could settle down as a stable 
white dwarf, explode so catastrophical­
ly? Spectrophotometric observations of 
a handful of supernovas in other galax­
ies have yielded a wealth of information 
about the actual temperature, velocity 
and composition of the supernova ejec­
ta, information that makes the behavior 
of each type of supernova more com­
prehensible. 

Because the distribution of energy in 
Type II supernovas is simpler than 

that in Type I supernovas I shall take up 
the Type II's first. A representative Type 
II supernova for which there are good 
data is SN 1970g, which was seen to 
explode in the galaxy M 10 1 late in 1970. 
Spectrophotometric scans of the ob­
ject's spectrum show that it evolved over 
a period of months. In the early phases 
of the outburst the overall distribution 
of the star's energy closely matched the 
smooth distribution of energy charac­
teristic of a theoretical black body at a 
temperature of 12,000 degrees Kelvin. 
Now, the energy emitted per unit area 
by an efficient incandescent radiator, 
which behaves as a black body, is deter­
mined only by its temperature. Further­
more, one can measure the flux of radia­
tion received from the supernova at its 
maximum brightness. Thus if the dis­
tance to the supernova is assumed or 
is known from other measurements, a 
combination of the temperature and the 
observed flux of radiation can yield an 
estimate of the star's radius at the time 

© 1976 SCIENTIFIC AMERICAN, INC



of its maximum brightness. For SN 
1970g the radius was 3 X 1014 centime­
ters, a radius as large as that of the orbit 
of the planet Uranus. 

Once the radius of the supernova is 
known its absolute luminosity can also 
be determined. For SN 1970g the lumi­
nosity was 1042 ergs per second, a billion 
times the luminosity of the sun. Even 
more interesting, data from spectropho­
tometry and from standard broad-band 
photometry enable one to plot the su­
pernova's change in radius with respect 
to time. For some 30 days after the star's 
initial explosion the radius of the sur­
face from which the visible light is emit­
ted expands at a nearly constant velocity 
of 5,000 kilometers per second. At the 
end of that time the star's photosphere, 
or visible surface, has attained a radius 
of some 2 X 1015 centimeters, a radius 
much larger than that of the solar sys­
tem. As the photosphere expands, its 
temperature decreases to about 6,000 
degrees K. After reaching its maximum 
extent the photosphere, which up to 
then is opaque, is so thin that it begins to 
become transparent. Thus the apparent 
radius of the star begins to shrink, giving 
rise to the rapid decline in the light curve 
of a Type II supernova. 

Plausible theoretical models of Type 
II supernovas have been developed by 
W. David Arnett and Sidney W. Falk of 
the University of Texas and indepen­
dently by Roger A. Chevalier of Kitt 
Peak. The models completely ignore the 
cause of a supernova's explosion but 
closely reproduce its observed effects. 
They assume instead that regardless of 
the details of what is going on deep in­
side the star the explosion clearly heats 
and accelerates the star's outer layers. 
Arnett and Falk and Chevalier consider 
only the effects of the shock wave result­
ing from the explosion as it travels from 
the center of a plausible model star 
through the star's outer layers. The 
model stars they have chosen are very 
extended red supergiants: stars with a 
mass several times that of the sun and 
with a volume millions of times greater. 
Such extended red supergiants are at the 
very end of their life cycle as generators 
of thermonuclear energy. 

The model supernovas have two very 
important characteristics that agree 

well with the characteristics of observed 
supernovas. First, calculations show 
that extended red supergiants are al­
ready so large that they do not cool sig­
nificantly as they expand to become 
roughly the size of the solar system. Sec­
ond, the interior of an extended red su­
pergiant is a large region of nearly con­
stant density; therefore an explosion in 
the center of the star transmits its energy 
to the surface efficiently. Hence the 
model predicts that the energy released 
in the center of the star can appear as the 
heat and motion actually observed at 
the surface of a supernova. The model 
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SPECTRA OF SUPERNOVAS of Type I (black) and Type II (color) also differ. Tbe curves 
plot intensity of radiation witb respect to wavelengtb. Peaks are regions in tbe spectrum wbere 
energy is being emitted; trougbs are regions wbere energy is being absorbed. The top pair of 
curves compare the spectra of SN 1972e (black) and SN 1970g (color) shortly after they at­
tained maximum brightness; tbe bottom pair of curves compare their spectra a month later. 
Tbe spectrum of each supernova also evolves with time. The spectral lines identified are the 
following: Ca II is singly ionized calcium. Ha, H/3 and Hy are all emitted by transi­
tions of electrons in hydrogen atom. Na I is un-ionized sodium, Mg I un-ionized magnesium. 

further' predicts that the supernova 
should have a temperature of about 
10.000 degrees K. at the surface and 
should expand at a velocity of about 
5,000 kilometers per second shortly af­
ter it attains its maximum brightness. 
The fact that the calculations based on 
models of stars that seem likely to ex­
plode agree so well with the observa­
tions of stars that actually explode is en­
couraging. Conversely, the fact that the 
agreement comes from considerations 
having to do with the structure of the 
star's interior and not from calculations 
of the details of the explosion means 
that spectrophotometric data from a 
supernova during the first month of 
the outburst can yield little direct 
information on the source of the energy 
released in the star's core. 

How do the observations and the the­
ory of Type II supernovas compare with 
those of Type I supernovas? A well-ob­
served representative of Type I superno­
vas. SN 1972e. was discovered by Ko­
wal in NGC 5253. Spectrophotometric 

observations were obtained with both 
the multichannel spectrophotometer on 
the 200-inch telescope and with a sim­
pler scanner coupled to the 60-inch re­
flector on Palomar. Both series of scans 
showed that the overall energy distribu­
tion of a Type I supernova is not much 
different from the energy distribution of 
a Type II. Unlike the background con­
tinuum in the spectrum of a Type II su­
pernova. however, even in the earliest 
days after the explosion. the continu­
um of this Type I supernova was not 
smooth. It was distorted by very broad 
features both in emission and absorp­
tion. Nevertheless. the overall energy 
distribution of the spectrum roughly 
corresponded to that of a black body at 
a temperature of 10,000 degrees K. Just 
as for a Type II supernova, this Type I 
supernova quickly cooled as its photo­
sphere expanded. The cooling decreased 
the energy in the ultraviolet region of 
the spectrum more rapidly than that 
in the infrared, until the photosphere 
reached a temperature of about 6,000 
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degrees. Then the star proceeded to get 
fainter while remaining at a constant 
temperature as the star's visible surface 
began to shrink: That was the point 
where the supernova's brightness began 
to decrease exponentially. 

For both types of supernova the study 
of the light distribution in the con­

tinuous background of the star's spec­
trum provides important clues to the 
correct identification of the lines in the 
spectrum. The temperature derived 
from matching the continuum to the 
spectrum of a black body at a certain 
temperature is a guide to the types of 
spectral lines that might be expected. In 
the spectra of Type II supernovas strong 
lines of hydrogen are seen. In addition 
there are strong lines of emission and 
absorption from ionized calcium and 
un-ionized sodium and magnesium, and 
a blend of lines due to ionized iron. The 
strength of the lines indicates that the 
relative abundance of these elements in 
the supernova is not very different from 
their abundance in the sun. If superno­
vas synthesize heavy elements out of 
lighter ones in the course of their explo­
sion, none of that material is initially 
seen in the rapidly expanding debris. 

Ca II 

The spectra of Type I supernovas are 
more difficult to analyze. In fact, it is not 
universally agreed whether the observed 
spectrum of a Type I supernova is chief­
ly composed of emission lines, absorp­
tion lines or both. It seems likely, how­
ever, that the broad emission features 
that characterize the spectra near the 
maximum brightness of the star corre­
spond to many of the same atoms and 
ions seen �n both emission and absorp­
tion in the spectra of Type II superno­
vas. Perhaps the fact that the lines dis­
tort the background continuum of the 
spectra can be explained if the abun­
dance of those elements with respect to 
the abundance of hydrogen has been 
enhanced, either during the presuper­
nova evolution of the star or during the 
explosion. 

The spectra of Type I supernovas 
change qualitatively just at the point in 
the light curve where their decline in 
brightness becomes exponential. Before 
that exponential decline the flux from 
the continuum dominates the spectra, 
and the individual emission and absorp­
tion lines are superposed on the continu­
ous background. After the exponential 
decline sets in, however, the continuum 
is relatively unimportant and the spec-
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EVOLUTION OF SPECTRUM OF TYPE II SUPERNOVA is shown for SN 1970g in MIOI. 
Numbers to left are number of days past star's maximum brightness. Peak labeled [0 J] shows 
the development of an emission line of un-ionized oxygen some months after the explosion. 
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trum is dominated by a group of four 
strong emission lines. 

Two explanations have been ad­
vanced to account for these lines. Philip 
Morrison of the Massachusetts Institute 
of Technology and Leo Sartori of the 
University of Nebraska have suggested 
that the emission lines result from the 
fact that at one point in the explosion of 
the supernova the star emits a huge 
pulse of ultraviolet radiation. The visi­
ble light seen from the earth would then 
be emitted by helium atoms around the 
star the ultraviolet radiation has caused 
to fluoresce. This suggestion predicts 
that there should be a strong emission 
line of helium at the wavelength of 
4,686 angstroms and that the intensity 
of the line would decline exponentially 
over a long period of time. Whether a 
Type I supernova actually emits such a 
pulse of ultraviolet is not yet known, 
and it is also not known whether the gas 
surrounding the star has the properties 
that would be needed to account for the 
fluorescence. 

The second explanation of the emis­
sion·line spectrum of Type I supernovas 
comes from an attempt to identify the 
origin of the four strong lines. Oke and I 
have suggested that the features are cre­
ated by a blending of lines emitted by 
ionized iron. The sum of the 2 16 lines of 
iron that are most likely to be emitted by 
the exploding material has a strong re­
semblance to three of the four strong 
emission lines observed in the spectra of 
Type I supernovas. The fourth line, at a 
wavelength of 4,600 angstroms, is, how­
ever, the strongest one. Charlotte Gor­
don of the Thomas J. Watson Research 
Center of the International Business 
Machines Corporation has suggested 
that this line may be due to doubly ion­
ized iron. If our identification of the 
lines is correct, the amount of iron in the 
gaseous envelope ejected by a Type I 
supernova is 20 times the mass of iron in 
the sun. If a Type I supernova is the 
explosion of a star with about the same 
mass as the sun, our interpretation re­
quires that the ejecta be substantially en­
riched in iron. 

Even if our identification of the lines is 
not correct, the fact that during the 

time when the supernova is decreasing 
exponentially in brightness its spectrum 
shows emission lines means that energy 
must still be flowing into the ejecta. If no 
energy were flowing into them, the ener­
gy radiated by the gas at the wave­
lengths of the emission lines would rap­
idly cool the ejecta and the emission 
lines would quickly fade. For SN 1972e, 
however, the emission lines persisted for 
at least two years. During that time en­
ergy must have been supplied to the 
ejecta at a rate that decreased exponen­
tially, just as the supernova's overall 
brightness did. What are the possible 
sources of that energy? 
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DAYS AFTER MAXIMUM LIGHT 

CHANGE IN SUPERNOVA'S RADIUS can be measured and is shown in billions of kilo­
meters. Two months after the explosion of this star (SN 19691 in the galaxy NGC 1058) it had 
attained a size much larger than that of the solar system. At this point outermost layers of the 
star become transparent and visible surface of star appears to shrink. Such measurements can 
be combined with other information to determine distance from our galaxy to supernova's. 

One continuing source might be the 
radioactivity of some isotope or group 
of isotopes with a half-life of between 50 
and 70 days. In the 1950's Baade. Geof­
frey Burbidge. E. Margaret Burbidge. 
Fred Hoyle. Robert F. Christy and Wil­
liam A. Fowler suggested that the iso­
tope was californium 254. The radioac­
tivity hypothesis. with the radioactive 
isotope or isotopes being something oth­
er than californium. has been revived 
many times. The intense heat. pressure 
and bombardment by neutrons in the 
center of the supernova may well pro­
duce heavy radioactive elements and 
could create the extra iron that may be 
present in the envelope of a Type I su­
pernova. 

A second continuing source of energy 
that might keep the emission lines glow­
ing is a pulsar. It is known. for example. 
that the Crab Nebula in the constella­
tion Taurus is a remnant of the superno­
va explosion observed by Chinese as­
tronomers in A.D. 1054. It is also known 
that in the center of the nebula is a pul­
sar. a fast-spinning neutron star that is 

emitting large amounts of energy in the 
X-ray, light and radio regions of the 
spectrum. Since the spinning neutron 
star is emitting so much energy. it is 
slowing down. and the rate at which it is 
slowing down indicates that the amount 
of energy emitted corresponds to the 
amount emitted by the entire Crab Neb­
ula. It seems reasonable to expect that in 
the first few years after the explosion the 
energy lost from the pulsar could have 
provided the power needed for the ob­
served emission lines. 

No pulsars younger than the one in 
the Crab Nebula have yet been found. A 
spinning neutron star at the center of a 
supernova might. however. be con­
cealed for a considerable length of time 
by the ejecta. If the debris surrounding 
the pulsar takes a while to blow away. 
the absence of rapid pulsations from the 
remnants of extragalactic supernovas 
may not be strong evidence against the 
formation of pulsars in such events. 

So far I have been comparing obser­
vations of supernovas in other galaxies 
with theoretical models of supernovas. 
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field reproduction from infinity to 
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without regard to the question of why a 
star should explode catastrophically at 
all. A number of theorists have attempt­
ed to devise stellar models that describe 
not only the explosion but also the life 
history of the star up to that point. 

In general the fate of a star depends on 
its mass. When a star is first coming into 
existence, the gas from which it is form­
ing contracts and heats up, converting 
its gravitational energy into thermal en­
ergy. Eventually the temperature at the 
center of the gas gets high enough to 
fuse hydrogen nuclei by thermonuclear 
reactions. At that point the star settles 
down to a long stable period of burning 
hydrogen. After a time, however, the 
hydrogen fuel in the core of the star is 
exhausted. The core contracts further 
under the influence of its own gravity 
while hydrogen continues to be burned 
in a shell around it. Meanwhile the outer 
.layers of the star expand and the star 
becomes a red giant. 

For stars less massive than a few times 
the mass of the sun that is almost the 

whole story. When the hydrogen in the 
shell around the original core is exhaust­
ed, the thermonuclear reactions within 
the star cease. The star does not have 
enough mass for it to continue to col­
lapse and heat up further. The gravita­
tional forces are completely balanced 
by the electrostatic forces between the 
electrons in the cold, dense core, and the 
star remains stable. The outer layers of 
the red giant rather quietly expand away 
from the star, forming a planetary nebu­
la such as the Ring Nebula in Lyra, and 
the star continues for billions of years as 
a feebly radiating white dwarf. 

Much more massive stars are able to 
continue collapsing. Their core heats up 
until thermonuclear reactions can re­
sume, this time fusing helium nuclei to 
produce carbon. When the helium too is 
exhausted, the core collapses further 
and carbon nuclei fuse to produce still 
heavier elements. 

The models predict that two alterna­
tive kinds of catastrophe might befall 
such massive stars and give rise to super­
novas of Type II. In the first case the 
ignition of carbon may lead to instabili­
ties within the core that blow up the star. 
That could happen because the rate at 
which energy is generated in thermo­
nuclear reactions is extremely sensitive 
to temperature. Under some conditions 

EVOLUTION of Type I supernova is sbown 
for SN 1972e over a period of nearly two 
years. Late in tbe star's development tbe spec­
trum is dominated by four strong unidentified 
emission lines between tbe wavelengths of 
4,000 and 6,000 angstroms. Tbe emission lines 
mean tbat energy is somebow still being sup­
plied to tbe gas surrounding tbe supernova 
long after tbe explosion. Tbe energy may be 
coming from radioactivity or from a pulsar. 
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the ignition of carbon might increase the 
temperature in the core and thus in­
crease the rate at which the carbon is 
burned. The higher rate of burning rais­
es the temperature still further, which 
again increases the rate of burning. If no 
other mechanism interferes, the process 
quickly runs away, burning all the car­
bon in the star in a very short time. A 
catastrophic process of this type in the 
center of a red giant might give rise to 
just the kind of supernovas that are ob­
served. One trouble with this model. 
however, is that it predicts the entire star 
will be destroyed and no stellar remnant 
of any kind will be left. 

In the second case the star might go 
beyond the ignition of carbon without 
disaster. Such a star would have an ex­
tremely hot core that would produce co­
pious amounts of neutrinos. Since neu­
trinos have no mass or electric charge 
and interact only weakly with other 
matter, they could escape from the star' 
entirely, carrying with them much of its 
energy. As the core loses energy in this 
way it contracts and heats up still more. 
Here again the rate at which neutrinos 
are produced increases with tempera­
ture. As they carry away more energy 
the temperature would continue to go 
up until finally the core would go into a 
headlong plunge toward total collapse. 
Near the end of the collapse it might 
emit a final burst of high-energy neutri­
nos. As the burst passed through the 
star's outer envelope it could transfer 
enough momentum from the core to the 
envelope to blow off the exterior layers 
and give rise to a supernova. Meanwhile 
the only force available to halt the com­
plete collapse of the core is the "strong" 

force that acts between atomic nuclei. If 
that force can brake the collapse, the 
core would become a neutron star, an 
extremely dense but stable object. 

This alternative would lead to the nat­
ural formation of a neutron star in the 
death of every massive star. The best 
calculations made so far of what hap­
pens in the collapsing core of a star, 
however, show that a neutron star is not 
formed. Instead the core collapses all 
the way down to a black hole, one of 
those bizarre postulated objects from 
which not even light can escape. Nature 
pays no heed, however, to the problems 
of theorists. It is clear that a neutron star 
does exist in the center of the Crab Neb­
ula, and it is also clear that the nebula is 
the remnant of a supernova explosion, 
so that at least some supernovas pro­
duce neutron stars. 

! 
I 

The train of events leading to a super­
nova of Type I is more mysterious than 
that leading to one of Type II, since a 
Type I supernova is expected to be the 
explosion of a star about as massive as 
the sun. Since such a star can comfort­
ably settle down to being a white dwarf. 
something unusual must happen for it to 
explode as a supernova. It is generally 
hypothesized that a star that becomes a 
Type I supernova is a member of a bina­
ry, or double-star, system. 'Under cer­
tain conditions when such a star be­
comes a white dwarf. large amounts of 
material could flow into it from its com­
panion. The new material could in­
crease the mass of the white dwarf past 
the critical limit of 1.44 solar masses, at 
which point the star would begin to col­
lapse. The process by which the star 
would become a supernova is not clear, 
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THREE OF THE FOUR EMISSION LINES in the spectrum of SN 1972e (shown on preced­
ing page) may be due to emission from ionized atoms of iron, according to the identification of 
the author and J. Beverley Oke. Top curve is next to last spectral curve for SN 1972e shown on 
preceding page. Bottom curve is the calculated spectrum of iron formed from a blend of 216 
emission lines. Emission line still unaccounted for, however, is the strongest of the four lines. 
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but it is fairly certain that the collapsing 
white dwarf could release the amount of 
energy observed in a Type I supernova. 
Whether or not this theoretical picture 
resembles what actually happens in an 
observed supernova of Type I is not yet 
known. 

The combination of the fact that 
heavy elements are manufactured in 

the core of a presupernova star and the 
fact that a supernova explodes so cata­
clysmically has led to the hypothesis 
that supernovas might be responsible 
for enriching the gas between the stars 
with heavy elements. The interstellar 
gas is primarily hydrogen and helium, 
but it has significant trace amounts of 
elements heavier than hydrogen and 
helium. Moreover, in the heat and vio­
lence of a supernova explosion an im­
mense flux of neutrons might be gener­
ated that could build iron into the heavi­
est elements. If the heavier elements in 
the interstellar gas originated in this 
way, it is possible that supernovas are 
responsible for the heavier elements in 
the sun, the earth and the earth's living 
organisms. 

An important piece of direct evidence 
in favor of this hypothesis comes from 
meteorites. Certain meteorites are be­
lieved to be chunks of matter left over 
from the time when the sun and the 
planets were forming out of a cloud 
of dust and gas. Detailed examination 
of the composition of such meteorites 
shows that they contain some of the de­
cay products of relatively short-lived ra­
dioactive nuclei. For example, iodine 
129 has a half-life of 17 million years; its 
decay product, the inert gas xenon 128, 
is found locked up inside the meteorites. 
The observation implies that the radio­
active iodine must have been present 
when the meteorite was formed. This 
implication in turn implies that the ma­
terial that was destined to become the 
solar system included a fresh supply of 
radioactive iodine. Perhaps a supernova 
somewhere in the vicinity of the nascent 
solar system created the radioactive io­
dine, blasted it into the interstellar gas 
and possibly even triggered the forma­
tion of the solar system. Whether or not 
this entire chain of reasoning is correct, 
the isotopes in meteorites are strong evi­
dence that heavy elements were being 
manufactured in the era during which 
the solar system was forming. 

Further observational evidence for 
the synthesis of heavy elements in super­
nova explosions rests on two cases: the 
Crab Nebula and a supernova remnant 
in Cassiopeia known as Cassiopeia A. In 
the Crab Nebula the abundance of heli­
um with respect to hydrogen appears to 
be higher than it is in other regions of the 
galaxy. In Cassiopeia A oxygen, sulfur 
and argon appear to be unusually abun­
dant with respect to hydrogen. It may be 
that nuclear processes in the supernova 
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that gave rise to each of these remnants 
account for the unusual abundance of 
the heavier elements in them. 

Supernovas may also account for cos­
mic rays, The earth is steadily bombard­
ed by energetic particles from outside 
the solar system, some of them with en­
ergies higher than those of the particles 
produced by the most powerful man­
made accelerators. If the energies of the 
cosmic-ray particles are multiplied by 
the density of the particles. the total en­
ergy turns out to be comparable to that 
of all the starlight in the galaxy com­
bined, What could be the source of these 
energetic particles? 

Supernovas have been one of the possi­
ble answers to that question since 

Zwicky made the suggestion in 1933. 
Stirling A. Colgate of the New Mexico 
Institute of Mining and Technology and 
his collaborators have pointed out that 
as the powerful shock wave from the 
explosion of a supernova's core speeds 
through the outer layers of the star the 
density of the matter it encounters pro­
gressively diminishes. They suggest that 
when the shock wave gets to layers of 
relatively low density, its tremendous 
energy is transferred to such a small 
amount of mass that individual nuclei 
are accelerated to velocities approach­
ing the speed of light. 

Another way in which supernovas 
could create cosmic rays has been put 
forward by John Scott and Chevalier on 
the basis of their investigations of the 
supernova remnant Cassiopeia A, the 
brightest object in the radio sky. The 
radio emission of the object comes from 
particles traveling near the speed of 
light in a magnetic field. Visual observa­
tions of Cassiopeia A show that small 
knots of gas are traveling through it at a 
few thousand kilometers per second. a 
characteristic velocity for supernova 
ejecta. Scott and Chevalier posit that the 
knots stir up the magnetic fields within 
the supernova remnant. which in turn 
accelerate the particles to the energies 
characteristic of cosmic rays. 

Supernovas are also in a unique posi­
tion to contribute to establishing the dis­
tance scale of the universe. The tech­
nique of spectrophotometry provides 
both the temperature of the supernova's 
surface and the amount of energy re­
ceived from the exploding star on the 
earth. The amount of energy emitted 
from the surface of a star of a given 
temperature depends only on the area of 
the surface, which is proportional to the 
square of the radius. And the energy re­
ceived on the earth depends only on the 
total amount of energy emitted by the 
star and the inverse of the square of the 
distance between the earth and the star. 
Therefore the star's temperature and the 
energy received on the earth give the 
ratio of the radius of the star to the dis­
tance of the star. Doppler-shift mea­
surements show how fast the star is ex-
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panding. Thus if one obtains two sets of 
data from the supernova separated by a 
few weeks. one knows the distance by 
which the radius of the star has in­
creased. Knowing this distance and the 
ratio between it and the distance to the 
earth. one can readily calculate the dis­
tance of the star. 

Although there are many uncertain­
ties in the detailed application of this 
technique. which was first suggested by 
Searle. it has the unique property of be­
ing a measure of extragalactic distances 
that is completely independent of the 
standard distance scale. which is based 
on distance determinations made in our 
own galaxy. John Kwan and I found 
that for two supernovas. SN 19691 in 
NGC 1 058 and SN 1970g in M I 0 l. 
the distances derived by the technique 
agreed rather well with the extragalactic 
distance scale derived in the traditional 
way by Allan Sandage and Gustav A. 
Tammann of the Hale Observatories. 
Although we need more test cases and 
better models of supernovas. the meth­
od holds high promise as an extragalac­
tic distance indicator. 

Counting extragalactic supernovas 
provides an estimate of the rate at 

which they explode in our own galaxy. 
A rate of one every 50 years or so seems 
reasonable. Tycho Brahe observed a su­
pernova in 1572. and Johannes Kepler 
observed another in 1 604. A detailed 
study by Sidney van den Bergh of the 
David Dunlap Observatory of the Uni­
versity of Toronto of the motions of the 
knots in Cassiopeia A indicates that it 
exploded about 1 667. although it was 
not mentioned by Isaac Newton or by 
anyone else at the time. Presumably the 
supernova that created the remnant 
Cassiopeia A was dimmer than most 
and was somewhat obscured by inter­
stellar dust. There is no evidence that 
any supernova has exploded in our gal­
axy during the intervening 300 years. 

What will the next supernova be like? 
Will it be like the Crab Nebula super­
nova. visible in the daytime and. as the 
Chinese reported. "as big as a mat"? Or 
will it be like the Cassiopeia A superno­
va. unseen and unimpressive? A quanti­
tative guess has been made by van den 
Bergh. who has calculated the number 
of stars in the galaxy at different dis­
tances from the earth and the expected 
extinction of their light by interstellar 
dust. His results indicate that although 
the next supernova may be very bright. 
it is just as likely to be an inconspicuous 
new star in the middle of the dusty 
Milky Way. where it may not be noticed 
at all. It may be that by the time the next 
supernova explodes in our galaxy we 
shall first detect it not by its light but by 
the huge burst of neutrinos it sends out. 
by the gamma rays emitted by the heavy 
radioactive elements it synthesizes or by 
the pulse of gravitational waves generat­
ed by the collapse of its core. 

Heros, Just the way you like them. Done to the desired temperature 
by the Automatic Chef COntrol In GE's Microwave OVen. 

GE's Automatic Chef Control creates a 
whole new world of microwave cooking . 
Instead of cooki ng by t ime alone, It cooks 
many foods by temperature control . 
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BACTERIAL VIRUSES, or phages, of the strain designated lambda 
are magnified 200,000 diameters in this electron micrograph made 
by William C. Earnshaw and Philip A. Y oudarian of the Massachu­
setts Institute of Technology. Each virus particle has an icosahedral 
head containing a molecule of infectious viral DNA, and a flexible 
hollow tail with which the phage attaches itself to the outer mem-
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brane of its bacterial-cell host and injects its DNA into the interior 
of the cell. Negative staining with uranyl acetate clearly reveals the 
subunits that make up the virus's protein shell. The phage-lambda 
particles shown here were extracted from an infected strain of the 
colon bacillus Escherichia coli, together with a large number of bac­
terial ribosomes (lightly stained particles scattered over backgrount/). 
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How Viruses Insert Their DNA 
into the DNA of the Host Cell 

Some VIruses are able to coexist peaceably with their host cell for 

long periods, incorporating their genes into the host chromosome. 

The details of the insertion process are now fairly well understood 

The imagery of medicine often 
seems to portray viruses as aggres­
sive organisms bent on human de­

struction. In actuality their role in dis­
ease is merely a by-product of their par­
asitic existence. Unable to reproduce by 
themselves. viruses must invade living 
cells and redirect some of the cellular 
machinery to the production of new vi­
rus particles. In the process many of the 
host cells are destroyed. leaving the tis­
sue of which they are a part damaged 
and giving rise to disease. 

Although virus production and cell 
destruction are the most dramatic out­
comes of virus infection. they are by no 
means the only outcomes possible. Like 
other parasites. many viruses find it ad­
vantageous to persist innocuously with­
in their host cell for an indefinite period. 
actively mUltiplying only when the host 
weakens or stops growing. The existence 
of such latent viruses was first suspected 
in the 1920·s. but it was not until the 
early 1950's that Andre Lwoff and his 
colleagues at the Pasteur Institute estab­
lished unequivocally that a latent virus. 
or "provirus." can be transmitted from 
one cell generation to the next without 
external reinfection. Working with bac­
teriophages. the viruses that infect bac­
teria. they showed that the provirus ex­
ists in a "lysogenic" state. The term lyso­
genic refers to the fact that the provirus 
can come out of the dormant state and 
give rise to mature virus particles that 
lyse. or dissolve. the bacterial cells. 
Among the agents that can induce the 
provirus to resume its former mode of 
multiplication are ultraviolet radiation. 
X rays and carcinogenic chemical com­
pounds. In the intervening 20 years the 
further study of bacteriophages has re­
vealed much about the mechanism of 
lysogeny. 

A typical bacteriophage consists of a 
single linear molecule of nucleic acid 
enclosed in a protein coat. Resembling a 
minute hypodermic syringe. the phage 
attaches itself to a bacterial cell and in­
jects its strand of DNA into the interior. 

by Allan M. Campbell 

Once inside the cell. the viral DNA may 
begin directing the manufacture of new 
virus particles or become a provirus by 
incorporating itself into the DNA of the 
bacterial cell's long. threadlike chromo­
some. 

What then switches the provirus from 
the lysogenic state to the active produc­
tion of virus particles? A mechanism 
was put forward by Fran90is Jacob and 
Jacques Monod of the Pasteur Institute 
in 196 1 and later demonstrated by Mark 
Ptashne of Harvard University. In the 
provirus only a few genes are expressed. 
and the product of one of them is a "re­
pressor" protein that combines with the 
viral DNA and prevents the expression 
of the other viral genes. particularly 
those responsible for the independent 
replication of the viral chromosome. In­
ducing agents such as X rays alter the 
metabolism of the bacterium in such a 
way that a substance is produced that 
inactivates the repressor. If all the re­
pressor molecules in a given lysogenic 
bacterium are simultaneously inactivat­
ed. the viral genes are sequentially ex­
pressed. Proteins needed for the replica­
tion of the viral DNA are made first. 
followed by the head and tail proteins of 
the virus particle. which spontaneously 
assemble inside the bacterium. Unit seg­
ments of viral DNA are then packaged 
into the phage heads. Finally. some 60 
minutes after the cell was exposed to the 
inducing agent. the cell bursts. releasing 
about 100 virus particles that are capa­
ble of infecting other cells. 

When a single lysogenic bacterium 
multiplies to form a colony. every cell 
of that colony is potentially capable of 
manufacturing virus particles and can 
express that potentiality when its repres­
sor is destroyed. The viral genes have 
therefore been added to the bacterial 
genes in such a way that both sets of 
genetic information are inherited by the 
cell's descendants. In order for this to 
happen the viral chromoso"me must rep­
licate like any normal cellular compo­
nent. and it must be partitioned at cell 

division so that each daughter cell re­
ceives at least one copy of it. 

Such a result can be achieved in at 
least three possible ways. One is for the 
viral chromosome to insert itself into 
the host chromosome. after which it can 
be passively replicated and distributed 
at cell division as part of the host DNA. 
Another way is for the viral chromo­
some to establish itself independently; it 
replicates and is distributed like the host 
chromosome but is separate from it. A 
third way is for the viral chromosome to 
replicate separately from the host chro­
mosome and in multiple copies. In that 
case the viral chromosome might not be 
distributed regularly when the bacterial 
cell divides. but if the number of copies 
is large enough. the chance of a daugh­
ter cell's receiving no copies whatever is 
small. If we survey all known viruses. 
we find that the first two mechanisms 
exist in nature. and the third is observed 
in certain mutant viruses produced in 
the laboratory. One property all three 
mechanisms have in common is that 
once the virus has become established as 
a hereditary component of the cell. 
there is nothing particularly novel in its 
mode of. inheritance from then on. 

Bacteriophage lambda. which was dis­
covered by Esther M. Lederberg of 

Stanford University as a provirus car­
ried by the K 12 strain of the colon bacil­
lus Escherichia coli. is the best-under­
stood genetically of the bacteriophages 
and remains one of the favorite experi­
mental organisms of molecular biolo­
gists. Soon after Lwoff's demonstration 
of heritable lysogeny several investiga­
tors were able to achieve genetic crosses 
between strains of E. coli that were lyso­
genic for phage lambda and strains that 
were nonlysogenic for it. They got the 
surprising result that the characteristic 
of being lysogenic or nonlysogenic was . 
distributed among the progeny of the 
cross exactly as one would expect if the 
trait were being determined by a gene at 
a specific location on the bacterial chro-
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mosome. In fact, lambda behaved in 
crosses as if it was closely linked to the 
gal operon. a cluster of bacterial genes 
concerned with the metabolism of the 
sugar galactose. 

There is now general agreement that 
the lambda provirus is inserted into the 
E. coli DNA at a specific site between the 
gal operon and the bio operon. which is 
responsible for the synthesis of the vita­
min biotin. The significance of the inser­
tion process is not confined to virology. 
It shows one way in which two genetic 
units. each capable of existing and repli­
cating independently. can coalesce into 

o 
10 

l.>O INSERTION 

0 
LIFE CYCLE OF PHAGE LAMBDA sbows tbat lysis (dissolution) 
and deatb of tbe infected bacterial cell are not inevitable. After a 
molecule of viral DNA is injected into a bealtby E. coli cell (2) tbe 
bost may take eitber of two patbs. In tbe productive, or lytic, patb­
way tbe viral DNA forms a circle (3 and 4) and replicates by tbe "roIl­
ing circle" process to give rise to a long "sausage string" of DNA con­
taining multiple copies of tbe viral genes (5). Next tbe viral genes 
direct tbe syntbesis and assembly of tbe bead and tail proteins of tbe 
virus particles and tbe packaging of unit DNA segments into tbe 
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beads (6 and 7). Heads and tails tben assemble spontaneously inside 
bacterium, giving rise to mature phage particles (8). Finally, some 60 
minutes after infection, tbe bost cell bursts, releasing about 100 prog­
eny virus particles tbat can tben infed otber E. coli cells (9 and 1). 
Alternatively, depending on the conditions of infection, tbe pbage­
lambda DNA can live quietly within tbe bost, establishing itself as a 
semipermanent part of tbe bacterial chromosome (10). It is tben rep­
licated and segregated at cell division (11 and 12) and passed on to 

succeeding cell generations for an indefinite period. Tbe latent virus, 
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a la.rger unit Phage lambda is only one 
of a number of elements for which inser­
tion is known or suspected. Most of 
these elements are viruses or the small 
pieces of bacterial DNA called plas­
mids. some of which can transfer resis­
tance to antibiotics and other proper­
ties from one bacterial cell to another. 
In addition there are the "insertion se­
quences" of bacteria and the "transpos­
able elements" of maize. which are 
known only for their ability to move oc­
casionally from one chromosomal loca­
tion to another and may well have no 
independent existence. 

LYSOGENIC 

PATHWAY o 

or "provirus," still retains the potential to grow 
Iytically, however. Bacteria harboring a pro­
virus are called lysogenic, meaning that they 
carry a property that can lead to viral mnlti­
plication and the fatal lysis of the host cell. 
Exposure of lysogenic bacterium to ultravio­
let radiation, X rays or chemicals such as ni­
trogen mustard and organic peroxides can in­
duce the provirus to return to lytic pathway. 

Although the widespread occurrence 
of genetic elements that can insert them­
selves into preexisting chromosomes is 
incontestable. there is a considerable 
divergence of opinion about their im­
portance in the normal life of the host or 
in evolution. One extreme viewpoint is 
that these elements are basically foreign 
to the cells that harbor them; they are 
invaders like viruses that have somehow 
got into cells and chromosomes and do 
not really belong there. The alternative 
view is that much of the DNA of pres­
ent-day chromosomes is derived from 
elements that were originally foreign 
but that through a series of small evolu­
tionary steps gradually became natural­
ized citizens of the intracellular commu­
nity. A somewhat intermediate position 
is that the mobility of these elements 
plays some essential role in the normal 
development of multicellular organisms 
from the fertilized egg into the adult. 

Studies of the mechanism by which 
new genetic elements are added to exist­
ing chromosomes cannot provide any 
direct information about the origin or 
function of such elements. The studies 
are. however. relevant in one respect If 
it turned out that the DNA of the added 
elements was hooked onto the rest of the 
chromosome in some unusual way, by 
connections that were not normal fea­
tures of chromosome structure, then a 
clear distinction between foreign DNA 
and indigenous DNA would be implied. 
It therefore seemed particularly impor­
tant to firmly establish whether or not 
the foreign DNA of some prototypical 
examples such as the lambda provirus is 
directly inserted into the linear sequence 
of genes on the host cell's chromosome. 

The concept of genes' being arranged 
in a linear sequence, and the experi­

mental basis of that concept, have a long 
history. In 19 13 A. H. Sturtevant of Co­
lumbia University crossed fruit flies dif­
fering from each other by several genet­
ic traits and analyzed the frequencies of 
progeny exhibiting new combinations of 
the parental traits. He concluded that 
the determinants for these traits (all of 
which happened to be on the same chro­
mosome) distributed themselves as 
though they were on some one-dimen­
sional structure. with new combinations 
arising from the redistribution of con­
nected segments of that structure. It be-. 
came possible to extend this kind of for­
mal linkage analysis in the 1950's, when 
Seymour Benzer of Purdue University, 
working with small segments of phage 
chromosome, proved that the linkage 
maps of mutational sites within genes 
were also one-dimensionaL These pure­
ly genetic studies were followed by cyto­
logical and biochemical work showing 
that the one-dimensionality of linkage 
maps was associated with the linear ar­
rangement of the genes along the chro­
mosome and ultimately with the linear 

sequence of nucleotides along the dou­
ble helix of DNA. 

The question of whether all the linear 
DNA segments in a chromosome are 
joined end to end in one continuous dou­
ble helix is still not completely settled, 
but the evidence is increasingly strong 
that they are. The uncertainty surround­
ing the question through the mid-1960's 
was such, however, that many bacterial 
geneticists found nothing particularly 
bizarre in the notion that the provirus 
might lie alongside the host chromo­
some rather than being inserted into it 

One way to investigate the question is 
to cross two lines of lysogenic bacteria, 
in which both the host genes and the 
viral genes are marked with mutations. 
In such bacterial crosses pieces of DNA 
from the donor cells are introduced into 
the recipient cells, where they pair with 
corresponding segments of the recipient 
cells' DNA and, in some fraction of 
those cells, replace them. Progeny in 
which a specific gene has been replaced 
can be recognized and selected for be­
cause they express a genetic trait charac­
teristic of the donor, such as the ability 
to metabolize galactose. The recogni­
tion of the replacement of specific genes 
in the provirus has been made easier in 
recent years by the isolation of condi­
tionally lethal mutant viruses, which fail 
to multiply in some condition under the 
control of the experimenter but which 
grow normally when that condition is 
changed. For example, temperature­
sensitive mutants survive and multiply 
at one temperature (25 degrees Celsius) 
but not at another (42 degrees C.). 

Such experiments throw some light on 
the provirus's mode of attachment If, 
for example, the provirus is not linearly 
inserted into the host chromosome but 
instead projects from it sideways. one 
would expect that an exchange of genet­
ic material occurring along the viral seg­
ment would not redistribute the genes 
lying on the main axis of the host chro­
mosome. The fact is that redistribution 
of the host genes does occur, suggesting 
that insertion is indeed linear. 

A second and more informative meth­
od of determining the topology of the 
lysogenic chromosome is deletion map­
ping, in which mutants marked by chro­
mosomal deletions are crossed with 
strains that have other genetic markers. 
A deletion mutation involves the per­
manent loss from the chromosome of a 
string of neighboring nucleotides, num­
bering from one to many thousands. 
Since each deletion eliminates a contin­
uous segment of chromosome, the order 
of the genes along the chromosome can 
be deduced by piecing together the in­
formation provided by the characteris­
tics of the various deletion mutants ob­
served. Deletion mapping provides a 
strict "betweenness" criterion for locat­
ing genes with respect to one another. 
The condition that every observed dele-
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APPROXIMATE 
LENGTH IN 

INSERTED ELEMENT NUCLEOTIDES INSERTED INTO SPECIAL PROPERTIES 

BACTERIOPHAGE '. 
., 

50,000 E. COLI CHROMOSOME SPECIFIC SITES ON VIRUS 
LAMBDA AND HOST CHROMOSOMES 

BACTERIOPHAGE 37,000 E. COLI CHROMOSOME SPECIFIC SITE ON VIRUS, 
MU·1 ANY SITE ON HOST 

CHROMOSOME 

BACTERIAL SEX 100,000 E. COLI CRROMOSOME MANY SITES ON HOST 
FACTOR F CHROMOSOME 

DRUG·RESISTANCE 20,000 BACTERIAL FACTOR TRANSMITS RESISTANCE 
PLASMID RESEMBLING F TO ANTIBIOTICS BETWEEN 

BACTERIAL STRAINS 

TUMOR VIRUS SV·40 5,000 HUMAN CHROMOSOME DERIVED ORIGINALLY 
FROM MONKEY CELLS 

TRANSPOSABLE (UNKNOWN) MAIZE CHROMOSOMES 
ELEMENTS 

NO DETECTABLE EXTRA· 

INSERTION 1,400 E. COLI CHROMOSOME 
CHROMOSOMAL PHASE 

SEQUENCE IS2 

ADDED GENETIC ELEMENTS, small pieces of DNA that can exist as part of the main 
chromosome or independently, have been observed in bacterial, maize and human cells. Some 
are viruse�; others are not. When they are inserted, they introduce into the cell instructions gov­
erning additional biochemical reactions that may be superimposed on the cell's metabolism. 
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i . � 
TYPES OF GENETIC EXCHANGE, or recombination, observed between two lysogenic E. 
coli chromosomes containing different genetic markers shed light on the mode of attachment 
of the phage-lambda genes. In the experiment depicted here a fragment of DNA from a bac­
terial cell capable of metabolizing galactose and synthesizing biotin (gal + bio+) and containing a 
lambda provirus with mutations in genes 1, 2, 3 and 4 is introduced by means of an infective 
phage coat into a recipient bacterium that is unable to utilize galactose or synthesize biotin be­
cause of genetic mutations (gal-bio-) and that harbors a nonmutant provirus. Type of recom­
bination that might occur if the viral genes were linearly inserted into each chromosome is 
shown in a. The mechanism of insertion proposed by the author requires the permutation of the 
order of genes along the viral chromosome, so that a genetic exchange between viral genes 1 and 
2 would serve to recombine the flanking bacterial markers gal and bio. The resulting recombi­
nant bacterium would be capable of utilizing galactose but incapable of synthesizing biotin, a 
prediction that agrees with observed results. For comparison, b indicates the expectation for 
one kind of nonlinear topology, in which the provirus joins to the chromosome as a branch. 
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tion should be representable as a linear 
segment is a highly restrictive one; a seg­
ment represented by two deletion mark­
ers must necessarily include all points 
that lie between them. For example, if 
the provirus is inserted between two 
identified host genes, then every deletion 
removing both of those genes must re­
move the provirus as well. This turns 
out to be the case in experiments, and it 
is again consistent with the model that 
the provirus is continuous with the host 
DNA. 

Until the beginning of the 1970's ge­
netic analysis of the type I have 

been describing provided the only pre­
cise information on the relation between 
the provirus and the chromosome; no 
direct physical information was availa­
ble on the relevant nucleotide sequences 
within the DNA of the provirus. In prin­
ciple the simplest approach would be to 
use direct methods of determining the 
sequence of nucleotides along the DNA 
chains of the virus and the lysogenic 
chromosome. Although such sequenc­
ing methods are improving rapidly, the 
identification of all 50,000 nucleotides 
in the lambda provirus would be a time­
consuming and costly task. For many 
purposes adequate information can be 
obtained by exploiting the fact that sin­
gle DNA chains with complementary 
nucleotide sequences can find each oth­
er and form double helixes in the test 
tube. Electron micrographs of DNA 
molecules formed this way, notably in 
the laboratory of Norman R. Davidson 
at the California Institute of Technolo­
gy and that of Waclaw T. Szybalski of 
the University of Wisconsin, have dem­
onstrated that the structures inferred 
from genetic results have a physical re­
ality. 

For these experiments double-strand 
DNA molecules extracted from virus 
particles are dissociated into single 
chains by heating. If the solution is then 
cooled slowly, double helixes of the 
complementary chains will re-form. 
When single-strand DNA's from two 
viruses with some nucleotide sequences 
in common (such as phage lambda and 
a deletion mutant of it) are mixed 
before the cooling step, new helixes can 
form not only between complementary 
chains from one virus but also between 
complementary chains from both virus­
es; the latter kind of chain is known as a 
heteroduplex. The nucleotides in the 
complementary segments of these hy­
brid chains pair up and form double 
helixes but the non complementary se­
quences do not, leaving single-strand 
loops that can be seen in electron micro­
graphs. 

By some ingenious manipulations Da­
vidson and his colleagues Phillip A. 
Sharp and Ming-Ta Hsu were able to 
examine heteroduplexes between viral 

© 1976 SCIENTIFIC AMERICAN, INC



DNA and the DNA of an inserted provi­
rus. Although the most straightforward 
approach would be to make heterodu­
plexes from one DNA chain of phage 
lambda and the complementary chain 
of a chromosome from a lysogenic bac­
terium, that experiment is not yet feasi­
ble because of the difficulties in handling 

a DNA molecule the size of the bacteri­
al chromosome. The same end was 
achieved by letting the phage-lambda 
DNA insert itself not into the entire bac­
terial chromosome but into a smaller 
DNA molecule: a derivative of the bac­
terial sex factor that had picked up from 
the bacterial chromosome the specific 

DNA segment into which lambda in­
serts. Strands of the sex factor with the 
lambda provirus inserted into them 
could be readily isolated intact and used 
to form heteroduplexes with DNA ex­
tracted from virus particles. 

The combined results of genetic and 
physical studies make us quite confident 

HYBRID DNA MOLECULES artificially formed in tbe test tnbe 
can be used to map viral genes pbysically. Wben tbe DNA double 
belix is beated, it unwinds, giving rise to two single-strand cbains. If 
single cbains baving complementary and noncomplementary regions 
are mixed togetber at tbis stage and slowly cooled, some "duplexes" 

HETERODUPLEX between a strand of normal lambda DNA and 
a second strand incorporating two mutations is clearly visible in tbis 
electron micrograpb made by Elizabetb A. Raleigb of M.I.T. (Only a 
small segment of tbe long viral DNA molecule is sbown.) Tbe loop 
of single-strand DNA at top rigbt results from a deletion mutation 

will form between tbe cbains. Wben tbese beteroduplexes are viewed 
in tbe electron microscope, tbe two DNA cbains will be double be­
lixes wbere tbey bave tbe same sequence of nudeotides and unpaired 
wbere tbey differ in sequence. Witb tbis metbod one can precisely 
map position of a given marker mutation along tbe DNA molecule. 

SUBSTITUTION 
BUBBLE 

tbat removed an entire segment of DNA from one strand. Tbe "col­
lapsed bubble" of single-strand DNA results from tbe substitntion of 
several nudeotides in one strand by different ones, making tbat re­
gion of tbe two strands noncomplementary and bence unable to pair. 
Tbe remaining portions of molecule sbown bere are double-belical. 
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that we now know the structure of the 
lysogenic chromosome. The steps by 
which this structure is formed and disso­
ciated into its component parts are the 
subject of current research. During the 
life cycle of phage lambda, DNA must 
be cut and rejoined at the ends of the 

viral chromosome and at the ends of the 
provirus. The lambda DNA injected 
into the bacterial cell is in linear form, 
but before it is inserted into the bacterial 
chromosome its ends are joined so that 
it makes a circle. During insertion the 
circle is opened at a different point. As a 

result, although the provirus and virus 
chromosomes are both linear structures, 
the order of the genes along the two is 
not identical. 

How the ends of the viral DNA are 
joined to form a circle is known, thanks 
largely to the work of A. D. Kaiser and 
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INSERTION AND EXCISION of the phage-lambda genes into the 
E. coli chromosome require the action of both bacterial and viral en­
zymes. As the DNA of phage lambda is packaged in the viral particle 
(a) it is linear and double-helical, except for complementary unpaired 
segments 12 nucleotides long at the ends of the two nucleotide chains 
(b). In solution this linear form comes to equilibrium with a circular 
form that has staggered "nicks" 12 nucleotides apart in the two com­
plementary chains (c). When viral DNA is injected into the bacterial 
cell in the course of infection, the two nicks in the open circle are 
sealed by the hacterial enzyme polynucleotide ligase, so that both 
chains of the circle are now closed throughout their length (d). This 
circular intermediate then interacts with a particular segment of the 
E. coli chromosome (between the gal and bio genes). Viral and bac­
terial chromosomes break and rejoin at unique sites on each partner, 
so that viral DNA is spliced into the host DNA, a reaction catalyzed 
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by the viral enzyme integrase (e). (Note that the gene order in the pro­
virus is 3, 4, 1, 2, a cyclic permutation of the viral gene order 1, 2, 
3, 4.) The E. coli chromosome is now lysogenic for phage lambda (ft. 
After several cell generations radiation or chemically active com­
pounds may induce the provirus to enter the lytic state. When this 
happens, the lambda repressor, which has so far blocked the expres­
sion of most of the viral genes, is inactivated, allowing the synthesis 
of the viral enzyme excisionase. Together with integrase, excisionase 
catalyzes the excision of the provirus from the host chromosome, 
converting it back into the circular form with the original gene or­
der (g). The circle of viral DNA replicates, producing multiple copies 
that are then cleaved by a specific viral enzyme to give rise to the 
linear form with "sticky" ends (b). Each linear DNA segment is then 
packaged in a virus coat (a). When the host cell ruptures, the liberat­
ed phages infect healthy cells and the lysogenic cycle begins anew. 
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his collaborators at Stanford. Lambda 
DNA is a double helix throughout most 
of its length, but one end of each poly­
nucleotide chain extends for 12 nucleo­
tides beyond the double helix. These 
two single-strand chains are comple­
mentary to each other and are called 
"sticky ends." In solution the linear 
DNA molecules can come to equilibri­
um with circular molecules formed by 
the pairing of the two ends. When lamb­
da infects an E. coli cell, the open circle 
formed by the viral DNA is closed by 
the action of polynucleotide ligase, a 
bacterial enzyme that seals breaks in 
one chain of a double helix. This step 
requires no viral enzymes, and it is not 
specific to the nucleotide sequences in­
volved. On the other hand, the insertion 
of viral DNA into the bacterial chromo­
some requires the recognition and cut­
ting of highly specific nucleotide se­
quences in both the lambda and the E. 
coli DNA. 

ttt�e is �nown of the biochemistry of 
Insertion, although its genetic con­

trol has been intensively explored. At 
the time I proposed the circular-mole­
cule-intermediate model for the inser­
tion of phage-lambda DNA in 1962, the 
only known mechanism for breaking or 
rejoining two DNA molecules at corre­
sponding points was homologous re­
combination, which requires that the 
two molecules have similar or identical 
base sequences in the recombining re­
gion. The chemical steps by which ho­
mologous recombination takes place 
are still largely conjectural, but Alvin J. 
Clark of the University of California at 
Berkeley and others have isolated bacte­
ri�l muta�ts that are unable to carry out 
thiS process. Under conditions where 
homologous recombination is blocked 
by such mutations, however, phage 
lambda can still insert its DNA with the 
normal frequency. Hence the insertion 
of viral DNA seems to be accomplished 
not by the same bacterial enzymes that 
are responsible for homologous recom­
bination but by viral enzymes that cut 
and join DNA molecules at highly spe­
cific sites. 

Direct evidence for the existence of 
such viral enzymes has been provided 
by the genetic studies of James F. Zissler 
of the University of Minnesota Medical 
School and the biochemical investiga­
tions of Howard A. Nash of the Nation­
al Institute of Mental Health, which 
have shown that the enzyme product of 
a specific viral gene (dubbed integrase) 
is required for the insertion of viral 
DNA; mutant viruses lacking this en­
zyme are unable to enter the lysogenic 
state. Similar studies of the reverse proc­
ess-the excision of viral DNA from 
the bacterial chromosome-by Gabriel 
Guarneros and Harrison Echols of the 
University of California at Berkeley and 
Susan Gottesman of the National Can­
cer Institute-have shown that excision 

Show and tell 
... professionally 
High schoolers whose science fair exhibits won their way to 
the International Science and Engineering Fair at Denver this 
spring may already have learned some lessons about com­
municating science that many a professional has yet to learn. 
They have succeeded in a format that is catching on fast. 

There is nothing sacred about standing up in front of a 
seated audience and delivering a lecture. Major professional 
gatherings now permit an alternative-poster sessions. Here 
the audience strolls by, sampling visually. When one sees 
something interesting, one stops. Conversation ensues at what­
ever level of depth the parties can handle. Information is 
traded. Boredom is minimized. 

How to make your story stand up and attract interest can 
be. learned young. Good photography is a great help. A big 
pnnt can snap the passerby to attention and convey the heart 
of the ma�ter. Good science that goes unnoticed might as well 
be bad sCience. That's reason enough for a career scientist to 
get into photography while still in high school. 

Our package of photographic hints for science fair con­
testants is free for the asking from Kodak, Department 841, 
Rochester, N.Y. 14650. 
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· I was a child, I spake as a child, I understood as 

a child,I thoucl1t as 'a cliild: But when I became a man, 

I put away chiYdish things. � I Corinthianr 
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requires in addition to integrase the 
product of a second viral gene (called 
excisionase). The virus thus introduces 
into the host cell enzymatic machinery 
for cutting and joining the viral and host 
DNA at specific sites to bring about the 
insertion and excision of the provirus. 

a 

As long as the transcription of the gene 
coding for excisionase is blocked by the 
lambda repressor the provirus will re­
main inserted. When repression is re­
leased. the excisionase gene will be ex­
pressed and there will be a reciprocal 
exchange within the lysogenic chromo- b 
some. re-creating a circular molecule of 
lambda DNA and a nonlysogenic bacte­
rial chromosome. 

b 

Excision is generally precise: more 
than 99 percent of the virus parti­

cles manufactured by lysogenic cells are 
identical with the original infecting vi­
rus. This fact implies that the DNA 
breaks at exactly the same point when it 
comes out of the chromosome as it does 
when it goes in. About one excision in 
100.000, however. is abnormal. Instead 
of breaking away cleanly the host DNA 
and the viral DNA break and rejoin to 
create a circular DNA molecule incor­
porating some viral DNA and some host 
DNA. If the size and physical character­
istics of the molecule allow it to be rec­
ognized by the viral proteins as being 
suitable for replication and packaging 
as a virus. it can then give rise to infec­
tious particles in which a segment of 
host DNA has replaced part of the viral 
DNA. 

M. Laurance Morse of the University 
of Colorado Medical Center first dis­
covered the existence of these "trans­
ducing" virus variants when he found 
that some of the phage-lambda particles 
liberated from lysogenic bacteria con­
tained the gal genes of the host. When 
lambda and lambda-gal DNA's were 
hybridized in the test tube. the heterodu­
plexes showed that nucleotides at the 
two ends of the molecules were comple­
mentary to one another but that in the 
middle of the duplex there was an un­
paired region where the picked-up seg­
ment of bacterial DNA (including the 
gal operon) was not complementary to 
the viral DNA. 

The theory that transducing phages 
are produced by errors in the excision of 
the provirus from the host chromosome 
was supported by the observation that 
under normal circumstances lambda 
can incorporate only genes. such as gal. 
that are within a few thousand nucleo­
tides of its insertion site. This distance is 
a small fraction (less than 1 percent) of 
the total length of the host chromosome. 
Recently K. Shimada and his co-work­
ers at the National Institutes of Health 
have studied rare bacterial lines in 
which lambda DNA has inserted itself 
into a chromosomal site other than the 
normal one. From such abnormal 
strains virus variants carrying gal are 
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NOVEL VIRUS VARIANTS arise when certain proviruses turn into infectious viruses, kiU­
ing the bacterium that harbors them and carrying away with them pieces of the DNA of tbe 
dead host. The "transduced" bacterial genes linked to the viral chromosome can subsequently 
replicate at the unrestricted viral pace. Transduction is believed to result from rare errors in 
the excision of the provirus from the host chromosome. Normal excision (left panel) takes place 
in the vast majority of cells. Viral DNA separates from the bacterial DNA (b) to give rise to a 
circular viral chromosome and a nonl,sogenic bacterial chromosome (c). The viral chromo­
some replicates in several stages, ultimately as a rolling circle that generates a long .sausage 
string of DNA in which the entire viral sequence is repeated many times (d). Unit DNA lengths 
are then packaged into infectious virus particles (e). In one ceU out of 100,000 (right panel) 
abnormal excision generates a circular molecule including some host DNA. Infectious particles 
are thus formed in which a segment of bacterial DNA has replaced a segment of viral DNA. 
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not obtained, but variants carrying genes 
close to the new attachment site are. 

Why has the virus evolved such a 
complex and specific mechanism 

for getting its DNA into and out of chro­
mosomes? The obvious answer is that 
the ability to do so at appropriate times 
plays an important role in the virus's 
survival. Little is known about the selec­
tive forces operating on viruses in na­
ture, but one can imagine that it is to the 
virus's advantage for its DNA to be in­
serted soon after infection, for the DNA 
to remain stably inserted while the lyso­
genic bacterium is growing and for the 
DNA to be excised while the bacterial 
genes are repressed. Since insertion and 
excision have different enzymatic re-

S,"G"�ST",ND� 
VIRAL DNA � 

1 12 

quirements, the virus can control both 
the direction and the extent of these ac­
tivities by regulating integrase and exci­
sionase. 

The integrase reaction seen in phage 
lambda and similar viruses is the first 
case known where two DNA molecules 
are cut and rejoined at specific sites as 
part of the normal life cycle of an orga­
nism. Enzymatic cleavage and rejoining 
of DNA molecules in the test tube has 
become a common Pjlstime of biochem­
ists, but the bacterial restriction en­
zymes used for this purpose ordinarily 
function in DNA degradation rather 
than in genetic recombination. We do 
not yet know the actual nucleotide se­
quences recognized and acted on by in­
tegrase. The in vivo results require that 

the viral and bacterial sequences differ 
from each other, since the genetic re­
quirements for insertion and excision 
are not the same. 

The study of how the phage-lambda 
DNA inserts itself has provided some 
useful dividends, among them knowl­
edge of the specific process of the break­
ing and joining of DNA molecules, 
which is becoming amenable to bio­
chemical study and opens up new possi­
bilities for the controlled translocation 
of DNA segments in other organisms. It 
has also given us the transducing virus 
variants, which have become workhor­
ses of molecular biologists because they 
enable one to replicate specific segments 
of host DNA apart from the rest of the 
chromosome. In addition understanding 

HETERODUPLEX made in the test tube between DNA from a 

transducing phage designated 4>80psua and DNA from the parental 

phage 4>80 reveals the location of the inserted bacterial genes in the 

middle of the viral chromosome. The black lines on the map represent 

the double-helical regions where the nucleotide sequence on the DNA 

strands of both partners is complementary. The colored segment is 

thepieceofE. coli DNA 3,000 nucleotides long carried by the trans­

ducing phage; the gray segment is the piece of viral DNA 2,000 nu­

c1eotides long that is present in the normal phage 4>80 but replaced 

by bacterial DNA in 4>80psua. Viral and bacterial DNA sequences 

on opposing strands are not complementary and cannot pair, form­

ing a substitution bubble. Total lengtb of duplex molecule is about 

43,000 nucleotides. Electron micrograph was made by Madeline C. 

Wu and Norman R. Davidson of California Institute of Technology. 

© 1976 SCIENTIFIC AMERICAN, INC



the mode of viral DNA insertion has 
helped to define the ways in which in­
serted elements and chromosomes can 
interact functionally. The simplest ex­
amples come from instances of abnor­
mal insertion within known genes, such 
as the insertion of lambda DNA into the 
trpe gene. 

The work of Charles Yanofsky of 
Stanford and others has shown that the 
trp operon consists of five genes, each of 
which codes for a different enzyme cata­
lyzing a specific step in the biosynthesis 
of the amino acid tryptophan; the genes 
are designated trpA, trpE and so on. This 
entire stretch of DNA is transcribed into 
messenger RNA as a unit starting from 
trpE and continuing to trpA. The mes­
senger RNA then attaches itself to the 
ribosomes, the subcellular particles 
where the enzymes are synthesized. 
Near the beginning of the transcribed 
stretch is the specific nucleotide se­
quence known as an operator. In the 
presence of high concentrations of tryp­
tophan a repressor protein binds to this 
sequence and prevents the transcription 
of the entire DNA segment. All five pro­
teins are hence synthesized together 
when tryptophan is needed by the cell, 
but their synthesis is shut off by large 
amounts of the end product, a feedback 
control mechanism common to many 
operons. 

How does the insertion of phage­
lambda DNA change things? First, 
since the lambda DNA goes into the 
middle of the trpe gene, the complete 
protein product of that gene can no 
longer be formed. A bacterium that car­
ries the abnormally inserted provirus is 
thus unable to make tryptophan, since 
one of the enzymes in the biosynthetic 
pathway is not synthesized. It is possible 
to recover descendants of this lysogenic 
bacterium that have lost the provirus. In 
these bacteria the two halves of the trpe 
gene are rejoined, and active enzyme is 
again synthesized. None of the DNA of 
the trpe gene has been damaged or per­
manently lost; it simply cannot code for 
its normal product when it is cut in two. 

Besides disrupting the trpe gene, the 
provirus interrupts the trp operon as 
a functional unit. The transcription of 
RNA ordinarily proceeds along DNA 
segments such as the trp cluster from a 
fixed starting point to some stop signal. 
The precise nature of transcriptional 
stop signals is not known, but some­
where within the lambda DNA there 
must be one or more of them. TrpE and 
trpD proteins are synthesized normally 
in these lysogenic bacteria, but the tran­
scription from the trpE end never reach­
es the trpA or trpE genes. 

The provirus can hence constitute a 
barrier to RNA transcription, although 
the junction points between provirus 
DNA and bacterial DNA are not them­
selves barriers. Whereas bacterial tran­
scription that can be repressed by the 
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ABNORMAL INSERTION of the phage-lambda chromosome into the trp operon (a group 
of bacterial genes coding for five enzymes in the biosynthetic pathway of the amino acid tryp­
tophan) disrupts the operon's genetic control mechanism. In the normal operon (a) tran­
scription of the trp genes into messenger RNA is regulated by the tryptophan concentration. 
When tryptophan levels in the cell are high, transcription is repressed, and when tryptophan 
levels are low, transcription and synthesis of the trp enzymes is high. If phage lambda inserts 
its DNA into the middle of the trpC gene (b), the operon as a transcriptional unit will be dis­
rupted. Genes "upstream" from the viral DNA (trpD and trpH) will continue to be transcribed 
normally, but the transcript cannot pass through the viral DNA to the genes downstream from 
the provirus (trpA and trpB). These genes are expressed to some extent, however, because of 
transcription arising within the provirus that cannot be repressed by tryptophan. (Protein levels 
shown are for a mutant of lambda in which the rate of this transcription is abnormally high.) 

product tryptophan does not reach the 
trpA or trpE genes, transcription arising 
from within the provirus does cross the 
junction between viral DNA and host 
DNA and produces a low level of tryp­
tophan-independent expression of these 
genes. The viral transcript that extends 
across the junction includes only one 
known gene, the integrase gene of the 
provirus, which is expressed at a low 
rate even when the other viral genes are 
repressed. Thus insertion can not only 
break up units of transcription but also 
create new ones. 

The transcription of RNA across 
boundaries in the abnormal lysogenic 
bacterium illustrates some of the conse­
quences of the viral insertion of DNA 
both for the regulation of cell function 
and for evolution., If new regulatory 
units can be created by insertion, we can 
be sure that natural selection will then 
act on them to maximize their selective 
value to the cell. How extensively DNA 

of viral origin may have become incor­
porated into the regulatory systems of 
existing chromosomes is not known. 

There is an old dichotomy between 
those virologists who view the virus ba­
sically as a foreign invader and those 
who view it more as a cellular compo­
nent that escapes normal regulatory 
controls. The argument frequently con­
cerns matters of definition rather than of 
substance, but it tends to recur at differ­
ent levels of sophistication as knowl­
edge increases. Lysogenic bacteria have 
long constituted a prime example for the 
cellular-component school. At present 
one can say this much: The conception 
of the provirus as a normal cellular con­
stituent is at least not a superficial one. 
The provirus not only behaves like an 
integral part of the host chromosome; it 
really is an integral part of the host chro­
mosome. In its manner of attachment 
there is nothing to distinguish the DNA 
of the virus from the DNA of the host. 
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Fission-Track Dating 
The tracks left by the spontaneous fission of traces of uranium 
in many minerals are clues to the minerals' age. One of the main 
advantages of the technique is the broad span of time it covers 

The ability to measure the actual 
age of an ancient rock formation 
or a bone or an artifact of human 

culture is a comparatively new one. It 
stems from the fact that the radioactive 
isotopes of many common elements 
break down spontaneously at fixed 
rates. A familiar example is an isotope 
that is present in all living matter: car­
bon 14. Now a new radiometric method 
of absolute dating has begun to revolu­
tionize chronological investigations in 
such diverse disciplines as cosmolo­
gy. geology and archaeology. The new 
method measures the spontaneous fis­
sion of certain heavy elements. in partic­
ular the fission of the most abundant 
isotope of uranium. U-238. Given an 
appropriate sample for analysis. one can 
determine its absolute age over an enor­
mous span of time: from as recently as a 
few decades ago to as far back as the 
time when the solar system was formed. 
The method is known as fission-track 
dating. 

Fission tracks were discovered in the 
late 1950's by two workers at the British 
Atomic Energy Research Establishment 
at Harwell. E. C. H. Silk and R. S. 
Barnes. They had exposed samples of 
the crystalline mineral mica to ions pro­
duced by the fission of heavy elements. 
The ions were slowed and finally 
stopped by a series of interactions with 
the atoms in the crystal lattice of the 
mineral. As they did so they left thin 
linear tracks that were visible at ex­
tremely high magnification. In 1959 Silk 
and Barnes published electron micro­
graphs of some of those tracks in the 
British physical journal Philosophical 
Magazine. thus establishing a new field 
of investigation. 

It was soon demonstrated that almost 
any kind of energetic heavy ion would 
make tracks in a wide variety of solids. 
Then one group of investigators. Robert 
L. Fleischer. P. Buford Price and Rob­
ert M. Walker. who were then working 
at the General Electric Research and 
Development Center in Schenectady. 
pointed out that the spontaneous fission 
of the small amounts of uranium pres-
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ent as "impurities" in many different 
rocks would leave such tracks in crystals 
of the rock. Uranium 238 fissions at a 
characteristic rate. and when it does so. 
the two halves (more or less) of its nucle­
us violently recoil from each other and 
leave a characteristic track. Fleischer. 
Price and Walker suggested that studies 
of the number of tracks in the crystals of 
rocks would provide clues to the abso­
lute age of the rocks. Today's applica­
tion of this kind of track analysis to a 
multitude of questions in such unrelated 
fields as cosmic-ray physics and the 
study of human evolution has come 
about mainly through the pioneering 
work of these three men. 

One of the first problems that had to 
be solved before fission-track dating 
could become a practical tool had to do 
with the fact that the tracks themselves 
were nearly invisible. In the mica speci­
mens produced by Silk and Barnes the 
region affected by each impinging ion 
was only about 100 angstroms across-a 
fiftieth of a wavelength of light. At the 
high electron-microscope magnifica­
tions necessary to resolve such ultrafine 
features it would take many weeks to 
scan a single square centimeter of mate­
rial in search of fission tracks. Then it 
was discovered that the region along the 
fission track where the crystal lattice is 
disrupted is less resistant to attack by a 
solvent than the undisrupted area of the 
lattice. For example. putting mica in 
an acid bath for an appropriate length 
of time dissolves the disrupted region 
along the track. creating a hole 100 
or more times larger than the origi­
nal track. This enlargement brings the 
tracks up to the micrometer range. 
where they are readily visible under the 
light microscope at magnifications of 
500 to 1.000 diameters. Comparativ­
ly extensive surface areas can then be 
scanned quickly and accurately. 

Precisely how are the fission tracks 
formed? The most satisfactory an­

swer at present is one suggested more 
than a decade ago by Fleischer. Price 
and Walker and embodied in what they 

call the ion-explosion-spike model. Ac­
cording to this model. the fission frag­
ment. moving at high speed and having 
a strong electric charge. ionizes the at­
oms along its path in the target material 
by stripping them of some of their elec­
trons. If the target material is a conduct­
ing solid. as metals and certain minerals 
are. the stripped electrons are immedi­
ately replaced by free electrons. and the 
crystal lattice remains undamaged. If. 
on the other hand. the material is an 
insulating solid. as most rock-forming 
minerals are. the stripped electrons are 
not replaced. and the atoms are left with 
a net positive charge. Their mutual elec­
trical repulsion pushes them apart. dam­
aging the crystal. With one significant 
exception. the damage persists indefi­
nitely. 

An insulating solid can record a fis­
sion track even if it is not a crystal. 
Amorphous solids such as volcanic 
glasses. man-made glasses and plastics 
are also damaged by fission fragments. 
The process of track formation in these 
substances involves the breaking of 
chemical bonds rather than the disrup­
tion of a crystal lattice. but the net result 
is the same: a narrow region along the 
path of the fission fragment is made less 
resistant to chemical attack than the sur­
rounding material. 

The basic method of dating by fission­
track analysis is to count the number 

of tracks per unit area of the sample; in 
general the more tracks there are. the 
more fissions have occurred and the old­
er the sample is. The method may seem 
somewhat different from other radio­
metric dating techniques. such as mea­
suring the relative abundance of radio­
active potassium and its argon daughter 
isotope. or of radioactive rubidium and 
its strontium daughter isotope. Actually 
the two kinds of dating are closely anal­
ogous; the only fundamental difference 
is that the one technique measures a 
product of decay and the other an effect 
of decay. Spontaneous fission is. howev­
er. a much rarer event than other kinds 
of radioactive decay. For example. 
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when one counts the tracks produced by 
uranium fission, their number may be in 
the hundreds, with each track recording 
the fission of one atom of uranium 238. 
Compare this with a high-sensitivity po­
tassium-argon measurement, requiring 
about it ten-millionth of a cubic centi-

. meter of argon 40. The argon sample 
represents the spontaneous decay not of 
a few hundred atoms but of roughly 
three trillion. The far smaller number of 
decays that provide the basis for fission­
track analysis accounts for one of the 
great advantages of the method: very 
small samples can yield useful data. Un­
der favorable circumstances the analy-

sis of even a single microscopic crystal 
or a fragment of volcanic glass can de­
termine the age of the specimen. 

The average concentration of urani­
um in the rocks of the earth's crust is 

no greater than a few parts per million . 
Even at this low concentration the pass­
ing of a million years or so sees enough 
spontaneous fissions to leave a measur­
able number of fission tracks in some 
crystals. Furthermore, most of the crys­
talline rocks of the earth's crust are far 
more than a million years old, and so 
their crystals have accumulated a large 
number of tracks even though they con-

tain little more than trace amounts of 
uranium. 

Uranium 238 is the only significant 
producer of tracks in terrestrial rocks 
and in natural and man-made glasses. 
Other spontaneously fissioning elements 
exist, but they are rare and their rate of 
fission is slow. For example, it is esti­
mated that the tracks produced by the 
spontaneous fission of another isotope 
of uranium, U-235, and thorium 232 
combined represent less than .5 percent 
of the total number of tracks in the large 
majority of samples. As we shall see, 
however, the fact that even minute 
quantities of U-235 are present in glass-

FISSION TRACKS in a crystal of zircon appear in this light micro­
graph. The magnification is 3,100 diameters. Visibility of the tracks 
has been enhanced by an etching process that increases the diameter 

of each track from about 100 angstroms to a micrometer or more. 
Each track records the spontaneous fission of an atom of uranium 
238; as much as 1,000 parts of U-238 per million is found in zircon. 
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es and mineral crystals is a great aid to 
the geochronologist. 

In the span of geologic time uranium 
238 is transformed in two different 
ways. By far the commoner of the two is 
decay by the emission of an alpha parti­
cle. This emission transforms the urani­
um atom into an atom of thorium 234. a 
radioactive isotope that itself decays by 
the emission of an alpha particle. Alpha 
particles themselves are not. however. 
sufficiently massive or energetic to make 
tracks in common minerals. 

About one out of every two million 
transformations in uranium 238 is by 
fission rather than by alpha decay. The 
process divides the uranium nucleus 
into two heavy and energetic fragments 
that differ only slightly in mass; at the 
same time several neutrons are emitted. 
The two heavy fragments fly apart in 
exactly opposite directions; the damage 
they do to the crystal lattice is thus in the 
form of a single straight track. approxi­
mately half of its length being created 
by each fragment. The overall length of 
the track varies. depending on the min­
eral involved; in general it is from 10 to 
20 micrometers. 

The usual procedure for studying 
tracks begins by embedding the 

specimen in a matrix such as an epoxy 
resin for convenience in handling. The 
exposed face of the crystal is then 
ground flat and carefully polished be­
fore the specimen is immersed in the 
etching bath. After etching. the crys­
tal is observed under the microscope. 
The etching will of course reveal only 
the tracks that intersect the polished 
surface. 

Since the rate of decay of uranium 
238 by spontaneous fission is known. 
only two measurements are necessary to 
calculate the age of a specimen on the 
basis of the tracks visible after etching: a 
count of the number of tracks per 
square centimeter of surface and an as­
say of the U-238 content of the speci­
men. Since track densities are expressed 

FORMATION OF TRACKS is shown sche­
matically, following the model proposed by 
Robert L. Fleischer, P. Buford Price and Rob­
ert M. Walker. In the top diagram one of the 
two positively ionized fragments produced by 
the fission of a U-238 atom passes through 
an idealized crystal lattice; as it does so it 
strips electrous from the atoms along its path, 
thereby ionizing the atoms. Next (middle) the 
ionized atoms of the lattice are displaced, dis­
rupting the structure of the lattice. When the 
crystal is exposed to a solvent (bottom), the 
disrupted portion of the lattice is more sus­
ceptible to etching than the undisrupted por­
tion. Only insulating minerals record fission 
tracks; the free electrons in noninsulating sol­
ids restore the electrical neutrality of the 
momentarily iouized atoms before disruption 
of the lattice of the crystal can take place. 
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COUNT OF FISSION TRACKS requires preparation of specimen 
(le!t), containing tracks invisible under light-microscope magnifica­
tions, by grinding and polishing (center), thus exposing any tracks 

that intersect the plane of polishing. The specimen is next etched. 
The process causes pits to develop along each exposed track; these 
are large enough (right) to be easily seen under a light microscope. 

in units of surface and uranium content 
in units of volume, however, a geomet­
ric ambiguity exists that has the poten­
tial for introducing considerable error. 
There is an ingenious method for deter­
mining the uranium content of a speci­
men that circumvents the problem. It 
capitalizes on the fact that a sample with 
uranium in it will contain not only ura­
nium 238 but also a small but constant 
fraction of uranium 235. 

The atoms of U-23 5 can be induced to 
fission by exposing the specimen to slow 
neutrons in a nuclear reactor. The expo­
sure adds new fission tracks to the spon­
taneous ones. The density of the new 
tracks is proportional not only to the 
total amount of U-235 in the specimen 
but also to two factors under .the control 
of the investigator: the probability of 
the induced fission reaction and the 
number of neutrons per unit area that 
have passed through the sample in the 
reactor. The proportion of the two ura­
nium isotopes being constant in nature, 
the investigator can calculate the con­
centration of uranium in the specimen 
simply by comparing the number of 
spontaneous tracks with the number of 
induced ones. The two track counts can 
be made with a single sample or, if it is 
preferred, the sample can be divided. 
Moreover, exposing the sample to heat 
will erase fission tracks by annealing, so 
that the sample can be annealed after 
the count of spontaneous tracks has 
been made; the U-235 tracks later in­
duced by neutron bombardment will 
then be the only ones present. 

The older a specimen is, the less im­
portant it is that its uranium content be 
large; there will be enough fission tracks 
for a statistically reliable count. Con­
versely, when a fission-track date is 
sought from a specimen that is substan­
tially less than a million years old, the 
date can be determined only if the urani­
um concentration is relatively high. As 

an example, the mineral zircon, which is 
a common constituent of many rocks, 
can contain some hundreds of parts per 
million of uranium. Zircon crystals with 
a uranium concentration of 100 parts 
per million can provide an absolute age 
for a rock sample only 3,000 years old. 
As a rule of thumb, if the uranium con­
tent of the sample of crystal or glass is 
one part per million, the investigator 
can measure an absolute age as young 
as 300,000 years. An order-of-magni­
tude change in either direction with re­
spect to uranium content brings an in­
verselyproportionalorder-of-magnitude 
change in the youngest measurable age. 
Certain kinds of man-made glass con­
tain as much as one part per 100 of ura­
nium, and with them one can make an 
absolute-age determination up to as re­
cently as 30 years ago. At the opposite 
extreme micas with a uranium concen­
tration as low as a thousandth of a part 
per million can be used to measure abso­
lute dates late in the Paleozoic era (300 

,
million years ago). 

All of this will make it seem that fis­
n sion-track dating is remarkably 
precise, and for the most part it is. A few 
cautionary remarks should nonetheless 
be made. A fission-track age is calculat­
ed on the basis of four assumptions. The 
safest of the four, which is made in all 
methods of radiometric dating, is that 
the breakdown rate of the parent isotope 
(uranium 238 in the case of fission-track 
dating) has been constant with time. 

, Both laboratory measurements and geo-
logical comparisons indicate that this 
assumption is sound. The other three as­
sumptions are less certain. 

One of them is that fission tracks are 
produced with 100 percent efficiency. 
Experiments indicate that this is so. 
When one encounters deviations from 
the expected number of tracks, they ap­
pear to be caused by problems affecting 

the techniques of track detection. More­
over, the possibility that error will result 
from this assumption is canceled when 
both spontaneous and induced fission 
tracks are examined. Even if the detec­
tion technique is only 10 percent effi­
cient, as long as the efficiency applies 
equally to the detection of spontaneous 
and induced fission tracks the calculated 
age will remain correct. 

The third assumption is that fission 
tracks are retained with 100 percent effi­
ciency. Since there is always the possi­
bility that tracks have been erased by 
natural or artificial annealing, this is an 
assumption that cannot always be justi­
fied. It can, however, be independently 
verified where other radiometric meth­
ods of dating are applicable. Such inde­
pendent assessments show that most fis­
sion-track discrepancies fall consistent­
ly toward the young end of the scale. 
This is particularly evident when very 
old samples are examined. Except for 
slight random variations that usually 
fall within the range of experimental er­
ror, when the fission-track ages are 
shown to be wrong, they are almost nev­
er greater than the ages arrived at by 
alternative techniques of absolute dat­
ing. The reason is not hard to find: in 
most minerals used for fission-track dat­
ing the temperatures that suffice to erase 
tracks by annealing are well below the 
temperatures that begin to bias other 
methods of radiometric dating. 

Moreover, in some instances fission­
track ages that have been biased by par­
tial annealing can be recognized and al­
lowed for. As an example, if a particular 
mineral has been subjected to heat at 
some point in its history but the heat did 
not entirely anneal the tracks in it, mea­
surements of the lengths of the tracks 
will show a bimodal distribution: one 
group consists of tracks shortened by 
partial annealing and another consists 
of tracks of normal length resulting 
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from spontaneous fissions after the epi­
sode of heating. With laboratory cali­
bration experiments it is possible to cor­
rect the overall track-density figure for 
the effect of thermal shortening and ar­
rive at a rebalanced figure for spontane­
ous-fission track density. 

The fourth assumption presupposes 
that the concentration of uranium in any 
specimen has remained constant over 
the specimen's lifetime. This assump­
tion is usually valid. but there can be 
exceptions. A combination of elevated 
temperatures and ground-water perco­
lation can leach away a proportion of 
the uranium present in rock crystals. 
The mobility of the uranium is such that 
as one part of a rock formation is being 
impoverished another part can become 
abnormally enriched. Such changes can 
also take place at relatively low temper­
atures. Andrew J. W. Gleadow and John 
F. Lovering of the University of Mel­
bourne have compared heavily weath­
ered grains of apatite. a common miner­
al in rocks. with unweathered grains still 
embedded in the parent rock. The 
weathered grains contained approxi­
mately 25 percent less uranium than 
those in the parent rock and yielded 
anomalous age determinations. 

The best way to indicate both the pres­
ent usefulness and the future poten­

tial of fission-track dating is to cite some 
examples of its application; I shall men­
tion only briefly that geologists have 
found fission-track dating particularly 
attractive when a chronological frame-

work must be established in order to 
solve a particular field problem. The 
reason is that the system is simple. and 
when a large number of determinations 
are required. the cost per sample is low. 
All three major rock classes-sedimen­
tary. metamorphic and igneous-are 
amenable to fission-track analysis. In ig­
neous rocks the uranium-rich minerals 
that are commonly used include two I 
have mentioned. zircon and apatite. A 
third such mineral is sphene. a calcium­
titanium silicate. Several varieties of 
mica have also been used successfully to 
date both igneous and metamorphic 
rocks. 

Applications of fission-track dating in 
the field of prehistory have generally 
been confined to situations that lie out­
side the useful range of carbon- 14 dat­
ing. Because the radioactive half-life of 
carbon 14 is only 5.700 years. the car­
bon- 14 method of isotope dating be­
comes increasingly unreliable when the 
sample is older than about 30.000 years. 
A case in point is the discovery in 1959 
of fossil hominid remains at Olduvai 
Gorge in Tanzania by Louis and Mary 
Leakey. The hominid. which the Lea­
keys named Zinjanthropus, was at that 
time one of the oldest known; fossils as­
sociated with the find suggested that it 
might be a million years old. an age far 
beyond the range of any carbon- 14 de­
termination. 

It happens. however. that the geologi­
cal formation of Olduvai Gorge is a se­
ries of sedimentary rocks that includes 
numerous beds of volcanic tuff and ash. 
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URANIUM GLASS 

URANIUM CONTENTS of seven crystalline and two amorphous solids are compared. Man­
made glass, colored by the addition of uranium oxide, is the material richest in uranium: from 
.1 to as much as 8 percent. Its date of manufacture can be calculated to within three years. 
Two crystals, olivine and quartz, may contain as little uranium as .1 part per billion. The age 
of such specimens, which may have crystallized three billion years ago, is hard to determine. 
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Some of the volcanic minerals are suit­
able for potassium-argon analysis. and 
so samples taken from volcanic strata 
generally related to the level in the gorge 
where the hominid remains werle found 
were analyzed by Jack F. Evernden and 
Garniss H. Curtis of the University of 
California at Berkeley. They obtained 
potassium-argon determinations sug­
gesting that the actual age of Zinjanthro­
pus was almost twice as great as the 
associated fossils had indicated: about 
1. 7 5 million years. 

Evernden and Curtis' finding might 
still be considered controversial (partic­
ularly because the mineral samples 
yielded a wide range of potassium­
argon dates) if it were not for indepen­
dent confirmation of their interpreta­
tion based on a fission-track analysis. 
Fleischer. Price and Walker undertook 
such an analysis. working with a speci­
men of pumice. the porous volcanic 
glass. from a related Olduvai stratum. 
The pumice was not easy to work with: 
the etched glass surfaces were small and 
irregular. and the etching solution actu­
ally dissolved away portions of the sam­
ple. Nevertheless. the investigators de­
termined a fission-track date for the 
pumice: 2.0 ± .3 million years. a figure 
in close agreement with the potassium­
argon determination of 1.75 million 
years. 

At the other end of this anthropologi­
I\. cal spectrum one may consider cer­
tain man-made glasses that have urani­
um added to them in concentrations as 
high as one part per 100 in order to color 
them. Glass of this kind. which has been 
a standard item in Bohemia since the 
middle of the 19th century. can be dated 
by the fission-track method. Some stu­
dents of Oriental art maintain that simi­
lar uranium glasses were produced in 
China centuries earlier. GUnther A. 
Wagner of the University of Heidel­
berg has noted. however. that when a 
Chinese ring made of uranium glass, 
supposedly produced in 18th-century 
Ch'ing Dynasty times. was subjected to 
fission-track analysis. it turned out to be 
a 20th-century forgery. less than 70 
years old. 

Zircon crystals are natural compo­
nents in some of the clays used to make 
pottery; any that are present in a piece of 
pottery are "reset to zero" when the pot 
is fired. The high temperature of the kiln 
erases all existing fission tracks. As a 
result the tracks that have been made in 
the time since annealing provide a pre­
cise indication of when the pottery was 
fired. Workers in Japan have been able 
to assign dates of manufacture ranging 
from about 300 B.C. down to 700 years 
ago to various pottery objects that con­
tain zircon crystals. The dating of re­
cently made pottery is tedious work, 
however; a very large number of tiny 
crystals must be scanned to get an accu­
rate estimate of track density. 
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The mineral calcite. the hexagonal 
crystal form of calcium carbonate. has 
been found growing in the marrow cavi­
ties of old bones. among them the fossil 
bones of hominids of the genus Australo­
pithecus unearthed in the limestone 
caves of South Africa. Some of the cal­
cite crystals contain uranium in concen­
trations as high as a few parts per mil­
lion. Price and I were working together 
in his laboratory at the University of 
California at Berkeley when we learned 
this a few years ago. We decided to see 
whether the fission tracks in the crystals 
might provide minimum dates for the 
fossil bones. since the crystals could not 
have formed in the australopithecines' 
marrow cavities until after their death. 

The spontaneous-track densities in 
the calcite crystals proved to be much 
lower than we had expected. suggesting 
that the fossil bones were by no means 
as old as other evidence indicated. When 
we conducted annealing experiments 
with calcite crystals in the laboratory. 
however. we discovered that the fission 
tracks in calcite are very susceptible to 
erasure. It appears that exposure to am­
bient temperatures over a period of a 
million years or so is enough to anneal 
existing fission tracks in calcite and 
thereby give rise to anomalously young 
age determinations. We have concluded 
that calcite will not be a particularly 
useful mineral in fission-track dating un­
less the crystals have been formed with­
in the past few thousand years. 

To turn to some of the less common 
applications of fission-track dating 

in geology. the differences between the 
annealing characteristics of various 
minerals provide a useful means of de­
termining the geological history of such 
"thermal events" as the intrusion of a 
young igneous rock into an older igne­
ous formation. An example is a recent 
study by L. C. Calk and C. W. Naeser of 
the U.S. Geological Survey. They col­
lected a set of apatite and sphene crystal 
samples at closely spaced intervals 
along a traverse leading away from the 
line of contact between two igneous 
rock formations in Yosemite National 
Park: the Cathedral Peak granite and a 
much younger basaltic intrusion. Apa­
tite is reasonably stable: exposure to a 
temperature of about 130 degrees Celsi­
us over a period of a million years is 
required to anneal fission tracks in it. 
Sphene is even stabler: fission-track era­
sure in a sphene crystal requires a mil­
lion years of exposure to a temperature 
of about 400 degrees C. 

Calk and Naeser found that close to 
the zone of contact both the apatite and 
the sphene crystals from the older gran-­
ite had been fully annealed at some time 
in the past. The crystals now showed 
fission-track ages identical with the age 
of the intrusive basalt: some nine mil­
lion years. As the distance of the sam­
ples from the zone of contact increased. 

VOLCANIC GLASS found in a layer of ash in a core of deep-sea sediments from the Pacific 
shows the scar of a single spontnneous fission track. Specimen is magnified 1,300 diameters. 

SECOND GLASS SHARD from a Pacific ash layer shows 20-odd fission-track scars; the 
tracks were induced by placing the specimen in a reactor and bombarding it with neutrons. 
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so did their fission-track ages. Within 10 
meters of the intrusion the sphene crys­
tals showed ages equal to the known age 
of the Cathedral Peak granite: 80 mil­
lion years. The apatite crystals, more 
subject to annealing at lower tempera­
tures, still showed some erasure effects 
1,000 meters from the

' 
zone of contact. 

With the data from their sampling pro­
file the two investigators were able to 
reconstruct the temperature record of 
this nine-million-year-old heating event. 

Relatively few such studies have been 
conducted. It is nonetheless apparent 
that geothermometry based on the anal­
ysis of fission-track annealing will make 
it possible to decipher the thermal histo­
ry of entire regions, particularly areas 
that have been affected by several epi­
sodes of heating. The fact that different 
crystals have different sensitivities to 
temperature changes, during episodes 
both of heating and of cooling, makes 
the analysis of fission-track annealing a 
powerful geological tool. 

Fission-track dating methods are also 
applicable to marine geology. In the 
deep ocean, far beyond the zone where 
runoff from the continents affects bot­
tom conditions, sediments accumulate 
on the ocean floor at rates as low as a 
few millimeters per 1,000 years. Our 
knowledge of the accumulation rates 
has been gained primarily through two 
radiometric dating techniques. One is 

COSMIC RAY 

the carbon- 14 technique, which, as we 
have seen, is limited by the short half­
life of the isotope. The other is the tho­
rium-230 technique, which is more 
broadly applicable because Th-230 has 
a half-life of some 75,000 years. Even 
that half-life, however, means that sam­
ples older than some 300,000 years have 
lost almost all their original concentra­
tion of the radioactive isotope and can 
no longer yield useful age determina­
tions. At the low rates typical of the ac­
cumulation of ocean-floor sediment the 
very first meter of a core sample of the 
bottom can span 300,000 years or more. 
Even the primitive coring devices of the 
1950's brought up sedimentary se­
quences more than a meter long, and 
today the Deep Sea Drilling Project rou­
tinely recovers cores that are hundreds 
of meters long. 

In some circumstances fission-track 
techniques can provide age determina­
tions for such cores. The task is compli­
cated, however, by the nature of the ma­
terials that make up deep-sea sediments. 
Apart from the shells of various dead 
marine organisms the principal constit­
uents are particles of very fine-grained 
clays, generally silicates of aluminum, 
which are minerals that are not particu­
larly suitable for fission-track dating. 
Fortunately another class of materials, 
the windblown debris from volcanic 
eruptions, is a fairly common compo-

CRYSTALS OF OLIVINE scattered through the clay matrix of meteorites classified as car­
bonaceous chondrites are often completely lacking in cosmic-ray tracks (left) because the ma­
trix shields them. The crystal surfaces, however, often show fission tracks (center) caused by 
the spontaneous fission of uranium and plutonium atoms contained in the matrix. Because 
such tracks could only have been formed after the clay and olivine came together to compose 
the meteorite, the "contact age" shown by the crystals also measures the age of the meteorite. 
Fission-track analysis suggests that some chondrites are substantially younger than expected. 
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nent of the deep-sea sediments; even 
bottom cores taken far from land often 
contain discrete layers of ash: deposits 
that include relatively coarse-grained 
mineral fragments and volcanic glass 
that, having been flung high into the at­
mosphere by a volcanic eruption, were 
carried a considerable distance out to 
sea by prevailing winds. 

Volcanic debris is not the only materi­
al of continental origin that can be 

found in deep-sea cores. It does, how­
ever, meet a criterion that minerals de­
rived from continental runoff do not. 
The age of the runoff minerals is of 
course the age of the rocks from which 
the mineral fragments were weathered. 
The source rocks in turn may be mil­
lions or hundreds of millions of years 
older than the core stratum that con­
tains their erosional by-products. In 
contrast. the interval separating a vol­
canic explosion from the time when the 
ejected debris sinks to the ocean floor 
is a trivial one on the scale of geo­
logic time. 

The products of a volcanic explosion 
are often quite rich in uranium. More­
over. some components of a deep-sea 
layer of volcanic ash are suitable for ra­
diometric analysis by the potassium­
argon method, which makes it possible 
to determine the age of the same ash 
stratum by two independent techniques. 
In my laboratory at the Scripps Institu­
tion of Oceanography we have used the 
tiny glass shards from deep-sea cores 
(actually the walls of bubbles formed in 
molten lava during a volcanic eruption) 
to get fission-track dates that agree 
closely both with potassium-argon re­
sults from the same ash horizon and 
with the chronological framework pro­
vided by the magnetism of the sedi­
ments themselves (which records pe­
riodic reversals of the earth's overall 
magnetic field). Other workers have suc­
cessfully conducted similar studies with 
ash components from marine volcanic 
sediments that geologic processes have 
raised above sea level. 

Even though some volcanic strata in 
the deep-sea sediments extend over 
thousands of kilometers, the ash layers 
are commonest in regions close to active 
zones of volcanism such as the Caribbe­
an and the western Pacific. Their scarci­
ty in (or total absence from) many cen­
tral ocean regions means that fission­
track analysis has limits in extending the 
range of absolute dating in deep-sea sed­
iments. This is also true where deter­
mining the ages of sea-floor rock forma­
tions is concerned. The technique has 
been successful in dating the rocks of 
seamounts, those flat-topped volcanoes 
that rise from the sea floor to near the 
surface. particularly in the northern Pa­
cific. For the basalts that constitute most 
of the ocean's rock floor, however, no 
entirely reliable means of radiometric 
dating has been found. The fission-track 
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TRACKS FORMED BY COSMIC RAYS in a crystal of olivine from 
a meteorite have been enlarged by etching and silvered to add optical 

contrast. The many short intersecting tracks mark the paths of iron­
atom nuclei; the long tracks were caused by still heavier elements. 

technique is stymied on two counts. 
First, the basalts contain very little ura­
nium, and second, few of them incorpo­
rate any of the mineral crystals needed 
for fission-track analysis. 

The spontaneous fission of uranium 
238 is the only significant source of 

fission tracks on the earth. For the dat­
ing of extraterrestrial materials other 
sources of fission tracks, including one 
element that is no longer present on the 
earth in its natural form, come into play. 
The existence of these other fission­
track sources makes it possible to date 
with surprising precision events that 
took place during the early stages of so­
lar-system history. 

The atomic nuclei known as primary 
cosmic rays never reach the surface of 
the earth because they are either deflect­
ed by the earth's magnetic field or ab­
sorbed in the atmosphere, or both. The 
nuclei. particularly the heavier ones, are 
capable, however, of producing tracks 
in nonterrestrial materials; these tracks 
are almost identical with fission tracks. 
Two such materials are now available to 
terrestrial investigators: meteorites and 
the mineral samples that have been 
brought back from the moon. The 
tracks left by cosmic rays in both kinds 
of sample are potentially a source of 
trouble when it comes to determining 
the sample's absolute age by fission­
track dating. Nevertheless. if the analyst 
selects minerals with a higher-than-av­
erage uranium content and is also selec­
tive in his choice of sample material. it is 
possible to surmount the difficulty. For 

example, by using only interior samples. 
located at least 10 centimeters below the 
surface of a specimen, the analyst will 
find that crystals from this part of the 
specimen are relatively free of cosmic­
ray tracks; the surrounding material has 
absorbed most of the track-forming par­
ticles. 

When a meteorite sample of this kind 
is analyzed. it is not unusual to find that 
its absolute age. when calculated by the 
same method used for terrestrial miner­
als. turns out to be greater than the 4.6 
billion years that represents the estimat­
ed age of the solar system. It is here that 
the element no longer found on the earth 
in its natural form enters the picture. It 
is plutonium. One isotope of plutonium. 
Pu-244. fissions spontaneously. and in 
very old samples of extraterrestrial ma­
terial the isotope was once abundant 
enough to produce a measurable num­
ber of fission tracks. Even the oldest­
known earth rocks are too young to 
have contained an appreciable amount 
of plutonium at the time of their for­
mation. so that tracks produced by Pu-
244 fission are not found in terrestrial 
samples. 

The plutonium in the solar system. 
like the uranium. was originally manu­
factured elsewhere in our galaxy by the 
explosion of supernova stars. It was thus 
present in the mixture of materials that 
formed the sun and the planets. Where 
uranium 238 has a half-life of 4.5 billion 
years. however. plutonium 244 has a 
half-life of only 82 million years. As a 
result the plutonium isotope is no longer 
present in measurable quantities in any 

solar-system material. Nevertheless. in 
most meteorites and in some lunar min­
erals still retaining fission tracks that 
have accumulated over a period of more 
than four billion years, a significant 
number of the tracks were made by the 
spontaneous fission of plutonium 244. 

On the reasonable assumption that 
the relative proportion of the spon­

taneously fissioning isotopes of plutoni­
um and uranium was approximately 
constant in all solar-system materials it 
is possible to devise an age equation re­
lated to the ratio between the number of 
tracks left by plutonium 244 and the 
number left by uranium 238. Urani­
um and plutonium fission tracks are. 
however, physically indistinguishable. 
Therefore to determine the age of an 
extraterrestrial sample one starts by es­
timating how many fission tracks should 
be present in the sample ori a dual basis: 
the measurable amount of uranium 
present and the amount of time that has 
passed. Since the amount of time is un­
known at the start of the estimating 
process. successive iterations are neces­
sary in order to arrive at a good esti­
mate. The difference between the num­
ber of tracks attributable to uranium fis­
sion and the greater number of tracks 
actually present in the sample can then 
be attributed to plutonium fission. and 
the ratio between the two classes of 
tracks can be determined. 

The method may seem subject to er­
ror if one fails to give full weight to the 
short half-life of plutonium 244. Actu­
ally over the period from 4.6 billion to 
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four billion years ago the number of 
tracks attributable to the spontaneous 
fission of plutonium shows a hundred­
fold decrease. compared with a decrease 
of only 20 percent or so in the number of 
tracks attributable to uranium fission. 
This makes the final result of the calcu­
lation quite insensitive to variations in 
the age finally chosen for the sample in 
the process of estimating the number of 
tracks attributable to uranium fission. 

Because of the short half-life of pluto­
nium 244 the ratio of plutonium to ura­
nium changed rapidly early in the histo­
ry of the solar system. The result is to 
make the method of absolute dating 
particularly sensitive for samples sur­
viving from the period between 4.6 and 
4.0 billion years ago. As an example. if 
one accepts the consensus that the ratio 
between the number of atoms of pluto­
nium 244 and uranium 238 in any sam­
ple of the initially condensed matter of 
the solar system was .0 154. the ratio of 
the tracks due to plutonium fission to 
tracks due to uranium fission decreases 
from 83 in a sample 4.6 billion years old 
to .6 in a sample four billion years old. 

Most meteorites are at least four bil­
lion years old. and so they are good sub­
jects for the precise age measureqlents 
based on the spontaneous fission of both 
plutonium and uranium. It has even 
been possible to determine the appar­
ently different ages of minerals with dif­
ferent annealing characteristics within 
the same meteorite. so that a cooling 
rate for the entire meteorite can be re­
constructed. The tracks of plutonium 
fission can also be observed in crystals 
of lunar material. The lunar rocks. how-

ever. tend to be younger than meteor­
ites; most of them are less than four bil­
lion years old. As a result the plutoni­
um-uranium track ratios are not as use­
ful as they are with meteorites. 

Among the seemingly primitive mete­
.Il.. orites known as carbonaceous 
chondrites are some that consist of a 
clay like matrix containing larger miner­
al fragments and occasionally chon­
drules: crystalline spherical droplets 
that were probably produced by melt­
ing. The carbonaceous chondrites re­
semble terrestrial sedimentary rocks in 
that ordinarily an age determination. 
whether it is carried out on a gross sam­
ple or on carefully segregated compo­
nents. should yield the age of the com­
ponents rather than an indication of 
when the aggregate itself was formed. 

Both Price and I noticed that the 
large. well-formed crystals of olivine 
embedded in the chondrites were virtu­
ally devoid of interior tracks. As far as 
fission tracks went. this was to be expect­
ed because the uranium content of oli­
vine is very low. As for tracks produced 
by cosmic rays. their rarity in the crys­
tals suggested that the carbonaceous 
chondrites had not undergone severe 
bombardment by these energetic nuclei. 
On the surfaces of the crystals. however. 
we found an appreciable number of fis­
sion tracks that had apparently been 
made by the fission of atoms present in 
the surrounding claylike matrix of the 
meteorite. The observation was consist­
ent with the higher concentration of ura­
nium (and at one time plutonium) in the 
matrix of the meteorites compared with 

the very low uranium concentration in 
the olivine. 

The surface tracks could of course 
only have begun to accumulate after the 
two components of the meteorites had 
come into close contact. The observa­
tions therefore led us to the study of 
what we call the "contact ages" of the 
carbonaceous chondrites. By counting 
the fission tracks on the faces of the crys­
tals we were able to determine a date for 
the formation of the aggregate. as op­
posed to the age or ages of its various 
components. 

To our surprise. considering that in 
terms of mineralogical and chemical 
characteristics the carbonaceous chon­
drites have always appeared to be more 
primitive than the stony and iron mete­
orites. our analyses indicate that some 
carbonaceous chondrites were formed 
fairly late in the early history of the so­
lar system: perhaps 4.2 billion years 
ago. The age of most stony and iron me­
teorites is close to 4.6 billion years. 
Where in the solar system were the ma­
terials that make up the chondrites 
parked during those 400 million years? 

Those of us ,who work with the in­
triguing new technique of radiometric 
chronology that the fission tracks make 
possible continue to pursue this ques­
tion and similar ones. Fission-track dat­
ing does not equal some of the older 
radiometric methods in precision. but it 
is likely that this situation will change. 
To me the most appealing aspects of the 
method are its simplicity and its fre­
quent applicability where other abso­
lute-chronology techniques are difficult 
or impossible to apply. 

ANNEALING BY HEAT causes fission tracks to disappear as the 
disruption of the crystal lattice mends. An etched section of an apatite 

crystal (left) shows many fission tracks. After annealing, another sec­
tion of the crystal (right) proves to be almost trackless when etched. 
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When Is A Game Not A Game? 
. . .. .  When it's a H om e  Computer from Fa irch ild  with a l im itless selecti on of G ames, Puzzles and Educational Chal lenges, 

More fun . . .  and games for the whole family on Fairchi ld 
Videocart T" cartridges. Expand the enjoyment. Block out 
boredom. Add to the excitement by plugging in 
a new cartridge. 

$149 ·95 

Video carts T" 1 ,  2, & 
3-three more reasons 
that the Fairchild 
Entertai n ment System is 
more than just a game. It's a 

Expand the Fairchild Video Entertainment 
system, and it� 2 buitt-in games, with 
Videocartn• 1 adding Tic-Tac-Toe, Shooting 
Gallery, Doodle and Cuadra-Doodle (your 
4-color creative canvas). 

Videocart"· 2 puts you into a one-on-one 
Tank Battle (Desert Fox) and Shooting 
Gallery. 

Deal in Videocart TIl' 3 and it's the Big Casino 
with Video Blackjack. 

never-ending, expandable home entertainment experience. 

G A M E  C O N SO L E :  Based on the Fairch ild's F a m icropro' 
cessor, the console comes with h ockey and tennis bu ilt into 
its memory. The digital hand·controllers p rovide a d i rec· 
tional m ovements, +1 . .  [ x, y, z, &-, I ,  for the utm ost in 
maneuverabil ity . F or example, in h oc key; the forwards roam 
th e ice in th e x and y coordinates, their sticks rotate in  it 
and the goalies guard their z·coordinate goal l ine. 

TIC-TAC-TOE DOODLE CUADRA-OooDLE 

� I C IC x x 
Yo.J LOSE TURKEY 

V I D E O CA R TS :  Plug·in R O M  memory cartridges provide the 
capabil ity for very complex games, m ath and educati onal 
qu izzes , hand·eye coordination tasks, spell ing bees, etc. 
The 3 sh own are available n ow ... m ore are plan ned,some to be 
developed by independent experts in the field of education. 

SHOOTING GALLERY 2·PLAYEA BLACKJACK 

FAI R C H I L..C video entertainment system 
TO O R D E R :  Available in very l im ited q uantity on first· 
come basis for Ch ristmas from L E C T R O ·M E D I A L T D, 
G AM E  C O NSO L E  ... . $149.95 plus $3. sh ipping 

TEXAS I N ST R U M  E N T S  I'V SEMICONDUCTOR . . . . , . . . .  VIDEO GAMES . . . • • • . .  
� N. NAll0NAL V I D E O C A RTS .... . $1 9.97 plus $.50 sh ipping each 

I N C O H,p o R A n o  S U P E R P R O G R AMMA B L E  SA L E  ADVE RSARY by Nat'l Semiconductor . 88.88 
NAME OF THE GAME 1 1 . .7 games . . . . 99.95 8 d i g i t  1 00'step hand programmable wi th 

ski p/del ete featu res;  can store m u l ti p l e  
programs, con stan ts i n  mem ory ; i n c l udes 

N AM E  OF THE GAME L .4 games . . . .  79.95 
ODYSSEY 1 00 . .  2 games . . . . . . . . . .  39.88 

. FREE carry i n g  case, charger & N i ·Cd battery. 
ODYSSEY 200 . .  3 games . . . . . . . . . .  49.88 

Wi th SR·52 Non.programmable equivalen ts to righ t 
purchase to 1/15 . . . • . . .  DIGITAL WA TCHES . . . . . . .  . 

451 5/46 1 5  Mathmatician PR . . . . . .  $39.88 . . . from National Semiconductor . . .  
*45 1 0  . . . • . . • . . .  1 7 .95 

Trig, Log, s u m  x, s u m  x2, Deg.Rad. EP1 . .. 3 fllnction, u n breakable . . .  1 8.88 

S R.52 . . . . . . . . . . . . . . . .  $229.50 60�5 Statistician PR . . .  39. 88 *6030 . .  28.95 i _I EP4 ... . .  with date . . . .  22.88 
. L onear Corre l a t l o n , R egress lon,  G rouped Data PC· 1 00 Prmter for 52, 56 . . . .  229 .50 6025 F in ancier PR . . .  39. 88 *6020 • .  28.95 

S R·52 L I B R A R I E S  . . .  Math, Stat, PV, FV, i, n, PMT, Deprec iat ion,  S O D  
F i nance, E E  . . . . .  24.95 e a .  4525 SCientist P R  . . .  4�.88 4520 . . . 29.95 

Navigation, Av iation, Su rvey , 39.88 ea. Trig, Log, Powe rs, Scie n . N ot. ( n ot on 4 5 1 5 ) , R P N  

. . . . .  the Tough 

S P E C I A L  C LE A R A N C E  

Bl a n k  Cards (40 ) . . . . .  1 4.95 4640 . . . . . . S C I E N TI F I CS . . . . .  $54.88 Two·Time Zone D ig i ta l  Watches 

S R  56 89 75 R P N  1 0  d i g . ,  3 mem.,  stat. fncns.  . . . . . . . . . . . . . . . . . .  '
64

'9 4660 (arith metic 4640) . . . . . . . . . .  59.88 Novus M I 6W .. sta in less . . . . .  ( reg.$ 1 70. ) . $69.88 
S R ·5 1  I I  . . • . . . . . . . . • . . .  , . 0 4650 . . . . . . . . . . . . . . . . . . . . .  44.95 
S R·40 (repl aces 50A) . . . . . . . .  36.20 6010 .. l nternat'l metric conve rter . . . .  *20.95 Novus P R 6Y . . gold 

* T I ·30 (S R·40 ex.charger, case ) . 22.80 Qu iz K id . . . . . . . . . . . . . . . . . . .  1 4.95 $ 1 70. 00 

Bu siness Analyst . . . . . . . . . . . 44. 70 Qu iz K i� 1 I . . .  Ma�h Qu i� . . . . . . . . .  * 1 8.20 

T I  5050M h d h Id 
. 

t 99 75 
852 . .  5 d lg. ,mantlssa; SC le n .  not. . . . . . .  *22.40 

.. an . e prm er  . . , . 842 . .  4 fu nction memory . . . . . . . . . .  *1 4.9 5  . . . and the Beautiful 
5040 . .  desk L E D  printer  . . . . .  1 1 9.75 DC920 .. A/C adapter for ' mod e l s  . . . . .  4 .00 

* Littl e Professor . . . . . . . . . . .  1 8.20 Exec CC . .  Padded carry i ng  case for same . .  2 . 50 

C R E D IT CAR D  O R D E R S  O N L Y  * A L L  C A L C U L AT O R S  

I� MAI L O R D E R S  TO : come com p l ete w ith 

L ECTRO·MED IA L TD. 
P .O.  BOX 1 7 70 

P H I  LAD E  LP H I A, PA. 1 9 1 05 
( 2 1 5)  925-44 77 

Call T o l I · F  ree 800·523· 2906 charger and case u n l ess 

Pa. & Canada Res. : (2 1 5) 925.4477 noted with aste r ick  

S h i p p i n g :  $ 2 . 5 0  fo r 1 st 
u n it, $ . 5 0  for ea. addt' l 
G AM E S :  $ 3 .  for 1 st, .50 

L ECTRO·MEDIA L TO. will match any 
advertised price . .  clip & attach to order 

SHOWROOMS : Newmarket, 2nd & Pine St5. �� �.l
d
:�

'

�. 
6% tax . 

F R E E  D igita l  T h e r m o meter w i t h  each order  Ph i l a de l p h i a ' S  C o m p u te r S t o r e  ( 2 1 5) 925-9090 S R ·5 2 ,  P C · 1 0 0 : A d d  $ 1 . 
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MATHEMATICAL 
GAMES 

In which "monster" curves force 
redefinition of the word "curve" 

by Martin Gardner 

When Zulus cannot smile, they frown, 
To keep an arc be/ore the eye. 
Describing distances to town, 
They say, "As flies the butterfly. " 

-JOHN UPDIKE, "Zulus Live 
in Land without a Square" 

A fascinating aspect of the history of n mathematics is the way that the 
definitions of names for classes 

of mathematical objects are continually 
revised. The process usually goes like 
this: The objects are given a name, x, 
and defined in a rough way that con­
forms to intuition and usage. Then 
someone discovers an exceptional ob­
ject that meets the definition but clearly 
is not what everyone has in mind when 
he calls an object x. A new and more 
precise definition is then proposed that 
either includes the exceptional object or 
excludes it. The new definition "works" 
as long as no new exceptions arise. If 
they do, the definition has to be revised 
again, and the process may continue in­
definitely. 

If the exceptions are strongly counter 
to intuition, they are sometimes called 
monsters. The adjective pathological is 
often attached to them. This month we 
consider the word "curve," describe a 
few monsters that have forced redefini­
tions of the term and introduce a fright­
ening new monster captured last year by 
William Gosper, a brilliant young com­
puter scientist now living in Los Altos 
Hills, Calif. Readers of this department 
have met Gosper before in connection 
with the cellular-automata game Life. 
It was Gosper who constructed the 
"glider gun" that made it possible to 
"universalize" Life's cellular space. 

Ancient Greek mathematicians had 
several definitions for curves. One was 
that they are the intersection of two sur­
faces. The conic-section curves, for in­
stance, are generated when a cone is cut 
at certain angles by a plane. Another 
was that they are the locus of a moving 
point. A circle is traced by a rotating 
compass leg, an ellipse by a moving sty­
lus that is stretching a closed loop of 
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string around two pins, and so on for 
other curves generated by more compli­
cated mechanisms. 

Seventeenth-century analytic geome­
try made possible a more precise defini­
tion. Familiar curves became the dia­
grams of algebraic equations. Could a 
plane curve be defined as the locus of 
points on the Cartesian plane that satis­
fy any two-variaole equation? No, be­
cause the diagrams of some equations 
emerge as disconnected points or lines, 
and no one wanted to call such diagrams 
a curve. Calculus suggested a way out. 
The word "curve" was limited to the loci 
of points that satisfy equations that are 
continuous functions. 

It seems intuitively obvious that if a 
curve diagrams a continuous function, it 
should be possible to differentiate the 
function or, what amounts to the same 
thing, to draw a tangent to any point on 
the curve. In the second half of the 19th 
century, however, mathematicians be­
gan to find all kinds of monster curves 
that had no unique tangent at any point. 
One of the most disturbing of such mon­
sters was described in 1890 by the Ital­
ian mathematician and logician Giu­
seppe Peano. He showed how a sin­
gle point, moving continuously over a 
square, could (in a finite time) pass at 
least once through every point on the 
square and its boundary! (Actually any 
such curve must go through an infinity 
of points more than once.) Peano's 
curve is a legitimate diagram of a con­
tinuous function. Yet nowhere on it can 
a unique tangent be drawn because at no 
instant can we specify the direction in 
which a point is moving. 

David Hilbert proposed a simple way 
to generate a Peano curve with two end 
points. The first four steps of his recur­
sive procedure should be clear from the 
pictures at the top of the illustration at 
the right. At the limit the curve begins 
and ends at the square's top corners. The 
four steps at the bottom of the illustra­
tion show how Waclaw Sierpinski gen­
erated a closed Peano curve. 

In both versions think of the suc-

cessive graphs as approximations ap­
proaching the graph of the limit curve. 
This limit curve in each version is in­
finitely long and completely fills the 
square even though each approximation 
misses an uncountable infinity of points 
both of whose coordinates are irratio­
nal. (In general the limit of a sequence of 
approximation curves may go through 
many points that are not on any of 
the approximations.) Sierpinski's curve 
bounds an area 5/12 that of the square. 
Well, not exactly. The constructions ap­
proach this fraction as a limit, but the 
curve itself, the diagram of the limiting 
function, abolishes the distinction be­
tween inside and outside! 

Peano curves were a profound shock 
to mathematicians. Their paths seem to 
be one-dimensional, yet at the limit they 
occupy a two-dimensional area. Should 
they be called curves? To make things 
worse, Peano curves can be drawn just 
as easily to fill cubes and hypercubes. 

Helge von Koch, a Swedish mathema­
tician, proposed in 1904 another de­
lightful monster now called the snow­
flake curve. We start with an equilateral 
triangle and apply the simple recursive 
construction shown in the top illustra­
tion on page 126 to generate a crinkly 
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curve resembling a snowflake. At the 
limit it is infinite in length: indeed, the 
distance is infinite between any two arbi­
trary points on the curve! The area 
bounded by the curve is exactly 8/5 that 
of the initial triangle. Like a Peano 
curve, its points have no unique tan­
gents, which means that the curve's gen­
erating function, although continuous, 
has no derivative. 

If the triangles are constructed inward 
instead of outward, one gets the anti­
snowflake curve. Its perimeter is also in­
finite, and it bounds an infinity of dis­
connected regions with a total area 
equal to 2! 5 that of the original triangle. 
One can start with regular polygons of 
more than three sides and erect similar 
polygons on the middle third of each 
side. A square, with the added squares 
projecting outward, produces the cross­
stitch curve of infinite length that 
bounds an area twice the original 
square. (See my Sixth Book 0/ Mathemat­
ical Games /rom Scientific American, 
Chapter 2 2.) If the added squares go in­
ward, they produce the anti-cross-stitch, 
an infinite curve that bounds no area. 
Similar constructions, starting with 
polygons of more than four sides, pro­
duce curves that self-intersect. 
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A 3-space analogue of the snowflake 
is constructed by dividing each face of a 
regular tetrahedron into four equilateral 
triangles, erecting a smaller tetrahedron 
on the central triangle and continuing 
the procedure indefinitely. At the limit 
the prickly surface is infinite in area, yet 
it bounds a finite volume. The cube pro­
duces a similar analogue of the cross­
stitch. 

We can generalize further by dividing 
the sides of a regular polygon into more 
than three parts. For example, divide 
each side of an equilateral triangle into 
five parts, erect smaller triangles on the 
second and fourth sections and repeat to 
the limit. For an ultimate generalization 
begin with any closed curve that can be 
divided into congruent segments, then 
alter the segments any way you like, 
provided the alteration is segmented so 
that the change can be repeated on the 
smaller segments and carried to the 
limit. Analogous constructions can 
be made on the surfaces of solids. Of 
course, the results may be messy, self­
intersecting curves or surfaces of no 
special interest. 

A book could be written about other 
kinds of pathological planar monsters. 
The Dutch topologist L. E. J. Brouwer 

Peano curves: David Hilbert's open one (top) and Waclaw Sierpinski's closed one (bottom) 

published in 1910 a recursive construc­
tion for cutting a region into three subre­
gions in such an insane way that at the 
limit all three subregions touch at every 
point [see "Geometry and Intuition," 
by Hans Hahn: SCIENTIFIC AMERICAN, 
April, 1954]. Brouwer's construction 
generalizes to divide a region into n 
subregions, all meeting at every point. 
A more recently discovered family of 
monsters, the dragon curves, were intro­
duced in this department in March, 
1967, and were later analyzed by Chan­
dler Davis and Donald E. Knuth in a 
two-part article in Journal 0/ Recrea­
tional Mathematics (Vol. 3, April and 
July, 1970). 

It is now my privilege to present Gos­
per's new monster, a beautiful space-fill­
ing curve he calls the flowsnake. Its con­
struction starts with a pattern of seven 
regular hexagons [see bottom illustration 
on next page]. Eight vertexes are joined 
as shown by the colored line, made up of 
seven segments of equal length. The col­
ored line is order 1 of the flowsnake. 
Order 2, shown in black, is obtained by 
replacing each colored segment with a 
similar twisted line of seven segments. 
Each segment of the black line is 11'11'7 
the length of a colored segment: this 
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Thefirst four orders of Helge von Koch's snowflake 

Order 1 (color) and order 2 (black) of William Gosper's "jlowsllake" 
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proportion holds at every stage of the 
construction. 

The recursive procedure is continued 
to produce flowsnakes of higher orders. 
The illustration on the opposite page 
shows two computer drawings of flow­
snakes of orders 3 and 4. By dividing the 
plane into black and white, with the bi­
furcating line passing through the flow­
snake's end points, we see how the curve 
cuts the plane into two regions that twist 
about in almost, but not quite, the same 
pattern. 

The curve that diagrams the limit of 
the successive flowsnake functions pass­
es through every point of its region at 
least once, completely filling the space. 
The curve is infinite and nondifferentia­
ble. Like the straight line, it is self-simi­
lar in the sense that if you enlarge any 
portion of it, the pattern always looks 
the same. Snowflake curves have the 
same property. 

"Of course we have no physical snow­
flake curves," Philip Morrison has writ­
ten. "Nature gives no infinities, not even 
within molecular collisions. There is a 
cutoff at the angstrom level. Still, sur­
prises abound." By surprises Morrison 
means those random natural patterns 
that have, in a statistical sense, the prop­
erty of self -similarity as successive en­
largements are made. His remarks ap­
pear in a review [SCIENTIFIC AMERICAN, 
November, 1975] of a remarkable 
French book, Les Objets Fractals: Forme, 
Hasard et Dimensions, by Benoit Man­
delbrot. A much-expanded version in 
English will be published next year. 

Mandelbrot is a Polish-born French 
mathematician who is currently an IBM 
Fellow at the Thomas J. Watson Re­
search Center at Yorktown Heights, 
N. Y. Like Stanislaw Ulam and many 
other eminent Polish mathematicians, 
Mandelbrot has had a career involving a 
marvelous mixture of creative work in 
both pure and applied mathematics, no­
tably in physics and economics. His 
teacher, the French mathematician Paul 
Pierre Levy, made the first systematic 
study of statistically self -similar curves, 
but they were regarded as useless, bi­
zarre curiosities until Mandelbrot rec­
ognized them as being a basic tool for 
analyzing an enormous variety of physi­
cal phenomena. 

Mandelbrofs forthcoming book is 
filled with pictures of just such phenom­
ena. Consider coastlines. Their butter­
fly-flight irregularity is statistically self­
similar. A coastline looks the same from 
a high altitude as it does from a low one. 
It is meaningless to speak of a coastline's 
"length" because it all depends on the 
precision of measurement. As Morrison 
puts it, "a coastline on maps at varying 
scales obeys a power law like the snow­
flake curve's, from a scale of hundreds 
of kilometers down to one of perhaps 
meters, where geography stops and peb­
bles begin." 

The surface of the moon is another 
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example. Remember your surprise on 
seeing the first closeup photographs of 
the moon made from a satellite in orbit 
around it? The moon's pocked surface 
looked basically as it did in photographs 
made with telescopes on the earth. Only 
the crater sizes were different. The same 
random self-similarity is found on the 
surface of certain cheeses, in the scatter­
ing of stars in the sky, in the contours of 
mountains, in atmospheric turbulence, 
in auditory noise and in countless other 
natural patterns. The Brownian motion 
of suspended particles approximates a 
statistically self-similar curve that (at 
the limit) has infinite length and no tan­
gents. 

Let us go back to the flowsnake for a 
close look at its perimeter and at an 
amazing paradox. The perimeter can be 
constructed by a recursive procedure 
much simpler than the one used to get 
the flowsnake itself. The top illustra­
tion on page 133 shows how it works. 
Start with a regular hexagon, then re­
place each side with a zigzag line [color] 
of three equal segments, each 1/V'i the 
original side. The result is a nonconvex 
18-gon. Since the zigzag line adds the 
same amount of area as it takes away, 
the 18-gon obviously has the same area 
as the original hexagon. Repeat the con­
struction on each of the 18 sides to pro­
duce a 54-gon, and imagine that the re­
cursive procedure is continued to the 
limit. At each step the number of sides 
triples, but the area never changes. At 
the limit the area filled by the flowsnake 
is exactly the same as the area of the 
original hexagon. 

The entire region has an astounding 
property. It can be dissected, as is shown 
in the illustration on the next page, into 
seven subregions, each of which is an 
exact copy of the entire region. 

Now for the paradox .. What is the ra­
tio of the area of a subregion to the en­
tire region? Clearly it is 1/7, since seven 
identical subregions make up the whole. 
But let us approach it from another an­
gle, remembering that the areas of simi­
lar figures are proportional to the square 
of their linear dimensions. If the bound­
aries of three subregions are bisected, as 
is shown by the line AB in the illustra­
tion, the six segments exactly fit the pe­
rimeter of the entire region. Clearly the 
boundary of a subregion must be en­
larged by a linear factor of 3 to fit the 
boundary of the entire region. But if this 
is true, the areas must be in a ratio of 
(1/3)2 = 1/9. We seem to have proved 
that the ratio of the areas is both 1/7 and 
1/9. As Gosper asked when he first sent 
the paradox, Vas ist los? 

The answer lies in the peculiar, coun­
terintuitive character of the pathologi­
cal boundary. There is no fuzziness 
about the area of the region it bounds. It 
is indeed seven times the area of a sub­
region. The boundary is not so well be­
haved. It is true that the boundary of a 
'subregion is exactly similar to the over- Flowsnakes of order 3 (top) and order 4 (bottom) 
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all boundary, but if the two are to be 
made congruent, the subr:egion must 
be magnified by a linear factor of 
-.,/7 = 2.645 ... , not by a factor of 3 as it 
would appear. 

A deep question now arises. What "di­
mension" should be assigned to the 
flowsnake's boundary� Like the snow­
flake, it lies in a strange twilight zone 
between one dimension and two dimen­
sions. In 1919 a German point-set topol­
ogist, Felix Hausdorff, resolved the diffi­
culty by giving fractional dimensions to 
such curves, or what Mandelbrot in his 
book calls "fractal" dimensions. They 
should not be confused with what are 
known as Hausdorff spaces, which are 
topological structures that mercifully 
we do not have to go into here. 
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To grasp how fractal dimensions are 
calculated consider first a line segment. 
If we magnify it by a factor x, the mag­
nified line can be cut into y copies of the 
original. The dimension of the line is the 
exponent of x that gives y. For the line 
segment in this case x equals y. For ex­
ample, doubling the line produces two 
copies. The exponent is log (base 2) of 2, 
or log 2/log 2 = 1. 

Magnify a square so that its edge dou­
bles; the enlarged square can be cut into 
four copies of the original. In general if 
you magnify a plane figure by a linear 
factor x, its area increases by a factor of 
x2• Its dimension is log (base 2) of 4, or 
log 4/log 2 = 2. If you double a cube's 
edge, the larger cube can be cut into 
eight copies of the original. Its dimen-

A ftowsnake paradox 

sion is log (base 2) of 8, or log 8/log 2 = 

3. And so it goes for hypercubes in high­
er Euclidean spaces. 

The snowflake is made by repeatedly 
replacing a line with one that is 4/3 as 
long. Thus it is reasonable to assign to 
the limit..curve a dimension, called the 
Hausdorff dimension, that is log (base 
3)of4, or log 4/log 3 = 1.2 6 181. ... The 
boundary of the flowsnake is construct­
ed by repeatedly replacing a line with a 
zigzag path that is 3/-.,/7 as large. Its 
Hausdorff dimension is log (base -.,/7) 
of3,oriog3/log-.,/7 = 1.1 2915 .... It has 
infinite length, no area in units squared 
and a certain finite "size" expressed in 
units to the power of 1.1 2915 .... Like 
all space-filling plane curves, the flow­
snake itself has a dimension of 2 at the 
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GuHwelcomes you to another 
exciting National Geographic 
Season on PBS. 

Last year Gulf Oil Corporation made it possible for two great 
American institutions to bring you some of the season's most 
exciting television. 

Gulfs three-year commitment to the National Geographic 
Society and the Public Broadcasting Service goes beyond the usual 
corporate grant. We not only want to bring high-quality programs 
to the American audience; we want to strengthen Public 
Television, too. 

T he eight new specials you'll see over the next two years are 
original American-made documentaries produced by the National 
Geographic Society and WQED/Pittsburgh, a PBS production 
center. 

Gulf funded the project because we believe that the future of 
Public Television depends on creating as well as broadcasting 
exceptional programming. 

We're also committed to bringing a wider audience to PBS. 
So we've provided funds to promote the National Geographic 
Specials on both a national and local level. Judging from the 
response to the first season, millions of Americans are now more 

,.-1 aware of the exciting programs they can see only on Public 
- - .: Television. 

Now we're ready for the Second National Geographic Season· 
on PBS. We hope the millions who enjoyed the National 
Geographic Specials last year will be back this year. 

It's another exciting season on Public Television. 

© 1976 SCIENTIFIC AMERICAN, INC



�MEASUREMENTBCOMPUTATION advances from Hewlett-Packard 

Triggering parameters entered through the keyboard are displayed in 
alphanumeric format (above the dashed line) along with the collected 
data (beiow the line). The data transaction trigger word is highlighted 
for quick identification. The "OP CODE" column is displayed in familiar 
assembler format using mnemonic notation. 

Keyboard control lets you set 
the terms for tracking a micro­
processor's activity-in its own 
mnemonic language. 

Designed spedfically for debugging and trouble­
shooting microprocessor systems of the 8080 and 
6800 families, HP's new 1611 A Logic State AnaJy­
zer lets you pinpoint vi rtually any event or sequence 
in the execution of a program; it directly measures 
execution time between two keyboard-selected 
program points; and it easily performs analyses 

within other parameters that have been difficult­
if not impossible-to achieve in the past. 

As new applications for microprocessor-based sys­
tems proliferate, troubleshooting and program de­
bugging ar'e tasks that confront systems designers 
with increasing frequency. The 1611A greatly speeds 
and simplifies these tasks. A keyboard-controlled 
logic state analyzer, itself microprocessor-based, the 
1611A has a "personality module" -special circuitry 
and microprocessor probe-that dedicates it to a par­
ticular microprocessor family. 

The 1611A's triggering capability and alphanumeric 
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CRT display let you look at nested loops, pinpoint 
I/O, ROM, or RAM activity, and find where a system 
went astray. You can limit the acquisition of data 
precisely to what interests you, and eliminate ex­
traneous data. Furthermore, only the selected trigger­
ing parameters entered through the keyboard in 
either octal or hexadecimal format are displayed on 
the CRT-there is no need to look at a profusion of 
controls to determine test conditions. 

Besides making the 1611A easy to use, its internal 
microprocessor permits the results of its measure­
ments to be displayed in sevl;lral formats. The con­
tents of the address and data buses of the micro­
processor system under test are captured in real time, 
and may be displayed in either octal or hexadecimal 
number base. The 1611A decodes the data bus con­
tents into the mnemonic set of the microprocessor in 
the system under test, to provide a flow of informa­
tion useful to the software writer who may not be 
familiar with octal or hexadecimal displays of his 
code. Or the display can be switched to an absolute 
format for step-by-step examination of program 
execution. 

If you'd like a complete account of the 1611A's 
capabilities, write for our literature. The 1611A, con­
figured for either 8080 or 6800 microprocessor-based 
systems, costs $5000 (domestic U.S. price only). Per­
sonality modules for other microprocessor families 
will be available soon. 
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Hewlett-Packard offers for the first 
time (ever) full-power APL on a 
relatively small general purpose 
computer. 

The recently introduced HP 3000 Series II com­
puter, whose powerful data entry and data base 
management signaled a price/performance ad­
vance in data processing, now adds APL to its 
language repertoire, accompanied by a new CRT 
terminal especially designed to operate with APL. 

The advantages of APL among computer languages 
are becoming increasingly apparent. APL is a general 
purpose programming language, rich in primitive 
operators and formal identities, that uses powerful 
symbols in shorthand fashion to define complete 
functions in very few statements or characters. 

APL offers highly beneficial shortcuts to data manipu­
lation in scientific and engineering applications, 
where it can bring to bear its ability to express com­
plex calculations in a concise way, and to operate on 
groups of numbers as easily as on single ones. Be­
cause APL normally operates directly on data without 
special commands, the novice can do useful work at 
once, freed from the necessity of learning compli­
cated procedures that stymie nonspecialists. 

By making an unabridged and enriched APL available 
on a relatively small computer, HP fills a price! 
performance gap that has frustrated potential APL 
users in the past: the full power of APL was available 
only on a massive computer or through costly service 
bureau time-or one settled for the limited APL capa­
bility of a "portable" computer. 

Hewlett-Packard's enriched version of the language, 
APU3000, actually broadens APL'S capability to in­
clude the handling of large data bases, file manipula­
tion, and production of reports in desired formats­
placing APL squarely in the decision-maker's realm. 
And since the 3000Beries II computer treats APU3000 
as a standard language subsystem, any of its five 
other programming languages (FOR1RAN, COBOL, RPG, 
BASIC, and SPL) can be used concurrently with APL in 
batch or interactive modes on up to 12 terminals. 

Hewlett-Packard has developed a CRT terminal 
especially designed to handle APL symbols: the new 
HP 2641. Its versatile keyboard carries full APL and 

HEWLETT " PACKARD 

1503 Page Mill Road. Palo AI1o, California 94304 

For assistance call: Washington (301) 948·6370, Chicaqo (312) 677-0400, 

Atlanta (404) 434-4000, Los Angeles (213) 877-1282. 

standard ASOI character sets. Additional special 
function keys can be programmed to speed data entry 
and'reduce opportunities for error. Optional minicar­
tridge tape transports provide storage that allows the 
user to prepare data off-line, transmit it rapidly to the 
computer in batch, and keep or transfer development 
programs on the pocket-sized cartridges. 

APU3000 software and firmware can be purchased 
outright for $15,000. The 2641 terminal with 4 
Kbytes of memory costs $4100; with tape transports it 
costs $5700. The 3000 Series II computer system, 
which makes it all possible, costs from $2350 to 
$7500 per month on a five-year payout lease, or 
$110,000 to $350,000 by direct purchase (domestic 
U.S. prices only, maintenance not included). We'd 
like to tell you more. 

Mail to: Hewlett-Packard. 1503 Page Mill Road. Palo Alto, CA 94304. 

Please send me further information on 

{ ) HP 1611A logic state analyzer 

( ) HP 3000 Series II computer system and APU3000 

Name ____________________________ ___ 

Company ____________________________ _ 

Address ____________________________ _ 

City _______ State __ Zip ____ __ 

-----------------------------------;;0'0650 
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Never buy a Bordeaux by the bottle. 
Buy a great, velvety Bordeaux by the label 

1972 

PONTET-lATOUR 
'''tlUlIO H f) 

� 
-.wx RED 1<11<£ . FfWl)l)Cf Of fR.\lltl "'" toot. '"� .� n�.. . Ak 11 �'., ey \'01, 

�'- & 'lie"'". �j_" • ellll<lU'f<l! ...... ,.. . 10 fr BROWNE Vlkl�ERS CO. NeII l'!1IIII. II 
&He Ihttf.t;utcr# it! tM u.s A 

The B&G label. 
B&G. 250 years of winemakz'ng history from all the great wine regions of France: 

Bordeaux, the Loire Valley, Beaujolazs, Cotes du Rhone and Burgundy. 
Now B&G brings you Pontet-Latour, a great velvety wine from Bordeaux. 

Superb. But affordable. 
Just buy it by the label. B&G. 

L--________ Letters of recommendation from France. ________ � 

IMPORTED BY BROWNE VINTNERS, NEW YORK AND SAN FRANCISCO. AD PREPARED BY n'&p, INC 
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Making theflowsnake's boundary 

limit because it completely fills a plane 
region. 

As we saw above, an enormous varie­
ty of fractal curves that do not self-inter­
sect can be produced by simple recur­
sive procedures. So can fractal surfaces 
with dimensions greater than 2, fractal 
solids with dimensions greater than 3 
and so on. The illustration below, repro­
ducing one that is in Mandelbrot's book, 
is made by replacing lines of four units 
with lines of eight units (as shown at the 
top) to produce a squarish, asymmetric 
snowflake with dimension log 8/10g 
4 = 1.5. Since each alteration of a seg­
ment adds the same amount of area as it 
subtracts, the limit curve bounds the 
same area as the original square. 

Note that the Hausdorff dimension is 
a measure of complexity. The square 
snowflake is more complex than von 
Koch's snowflake because its dimension 

is higher. Mandelbrot has been working 
with such curves for so long that he has 
acquired an uncanny ability to look at a 
new fractal curve and, by an intuitive 
estimate of its complexity, guess its di­
mension with high accuracy. 

In the light of these crazy curves, how 
do mathematicians currently define a 
curve? The scene is so crowded with 
monsters that no single definition cov­
ers all the objects to which the word 
"curve" is commonly applied. The to­
pologist defines a curve as a set of points 
that are compact, connected and form a 
one-dimensional continuum. To make 
the definition clear, however, a lengthy 
discourse on point-set topology would 
be required. The definition catches well­
behaved curves that diagram functions 
with derivatives, but it misses some of 
the nondifferentiable monsters we have 
been considering. 

When attempts are made to define 
surface and volume, monsters more ter­
rifying than flowsnakes crawl onto the 
landscape. This is a topic that must be 
postponed for a future column. 

One of last month's problems was to 
guess how Dr. Matrix made a gob­

let of wine vanish inside a cylinder. The 
goblet was made of ice and was kept in 
its mold inside a freezer until Dr. Matrix 
was ready to perform. At the center of 
the table a small hole at the base of a 
slightly conical metal disk led into a hol­
low central leg. The disk was wired so 
that it became hot when Dr. Matrix 
pushed a concealed button on his desk. 
When the goblet melted, the water and 
the wine drained into the table leg. 

It is easy to show how Dr. Matrix' 

formula of two variables, (b + 1)1 a, 
generates a sequence of numbers that 
loops with period 5. Let a be the first 
number of the sequence and b the sec­
ond. When the formula is applied recur­
sively, the third number is (b + 1)la, the 
fourth is (a + b + 1) 1 ab, the fifth is 
(a + 1)1 b, the sixth is a and the seventh 
is b. The formula apparently was first 
noted by R. C. Lyness in The Mathemati­
cal Gazette (Vol. 26, 1942, page 62). 

Many readers will be interested in 
two mathematically beautiful ob­

jects just placed on sale in the U.S. One 
is a splendid book on anamorphic art, 
profusely illustrated and with many col­
or plates. Inserted in the book is a sheet 
of mirror paper for making a cylinder in 
which the distorted art can be viewed. 
The book, with the text by Fred Lee­
man, is titled Hidden Images: Games 0/ 
Perception, Anamorphic Ar�, Illusion­

/rom the Renaissance to the Present. Har­
ry N. Abrams, Inc., is the publisher. It is 
a translation of a Dutch book that grew 
out of a major exhibit of anamorphic art 
earlier this year in Amsterdam. The ex­
hibit is now touring the U.S. 

The other item is an elegant but emi­
nently playable chess set designed by Cy 
Endfield, heretofore available only in 
England. The silver- and gold-plated 
chess pieces are ingeniously cut at the 
top and the bottom so that they inter­
lock to fit snugly over two cylinders. The 
leather-covered board, which folds into 
a box, has M. C. Escher'shorse-and-rid­
er tessellation on the squares. Around 
the sides is Escher's famous Metamor­
phose, a sequence of pictures that inter­
lock much as the chessmen do. 

The }irst three orders oj Bmoil .,>Jande/brot 's square snowflake 
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BOOKS 

An ann ual survey of books 

about science for children 

by Philip and Phylis Morrison 

O
nce more we offer the year's crop, 

a harvest of variety and sub­
stance. Again we note the pow-

. erful hand of fashion. Books on the 
physical sciences are few, obedient to 
the public taste . But physical experi­
ences are the simplest for children, and 
they offer understanding within easy 
reach. The need for such a base of un­
derstanding remains as pressing as it 
ever was. 

There is gain no less than loss. The 
flood of trendy ecological books has 
ebbed a little. The books we now see are 
deeper ; they deal with the links among 
living things more concretely, with a 
clearer view, not one imposed as half 
myth on a sketchy account of the world. 
We believe they are the stronger and the 
more powerful for that. 

Some Plants 

CARING FOR TREES ON CITY STREETS, 
by Joan Edwards for the Environ­

mental Action Coalition. Charles Scrib­
ner's Sons ($6.95) .  Carefully document­
ed with on-the-spot photographs, this 
knowing little book is dedicated to the 
"Bedford-Stuyvesant Neighborhood 
Tree Corps, who first taught me about 
city trees." It is based squarely on the 
proposition that people need city trees 
(it tells why) and that city trees "need 
people as much as people need trees." 
Trees need care, just as teeth or cars do. 
In simple, short sentences we read what 
kind of care they need. They need loose 
soil free of garbage, cleansed of salt, wa­
tered,  mulched and protected from 
dogs. A child-or a corps of children­
can do all those things. Protection from 
dogs is a social problem, not a horticul­
tural one, and guidance about tactful 
persuasion of dog owners is offered. 
Sometimes trees need more expert care, 
for pruning, filling cavities, bringing fer­
tilizer. You can get it. If people want 
more trees, they must select and plant 
the right kind: super trees, tough enough 
to make it on cement-covered and pol­
luted city streets. Planning, cooperation 
and knowledge will help the trees and 
city kids as well. This book is an im­
mensely practical guide . Adopt trees, 
map them, label them, make bark rub­
bings, accept responsibility, organize, 
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learn and act. Trees, people and shared 
self-reliance can all grow in Brooklyn or 
any other city . 

EXPLORING THE WORLD OF LEAVES, by 
Raymond A. Wohlrabe. Photo­

graphs by the author, diagrams by John 
F. McTarsney. Thomas Y. Crowell 
Company ($8 . 50).  The huge oval leaves 
of the royal water lily float like rafts 
with upturned edges. Here we see the 
less familiar underside as well, a strong 
ribbed structure of support and nutri­
tion that gives the entire leaf a curious 
resemblance in form to the back of the 
200-inch mirror on Palomar. This book 
flows from the real experiences of the 
author in the botanical garden and the 
desert, in the forest and in the neighbor's 
backyard. He is a high school science 
teacher, and he has detailed here a series 
of simple experiments in plant physiolo­
gy and tips for plant photography and 
the taxonomic collection of leaves and 
plants, all of which makes clear not only 
what teenage experimenters can learn 
but also the background in ecology, bio­
chemistry and microstructure they need 
from "the literature." Around the theme 
he has set both exotic and curious plants 
and more familiar ones. The book will 
serve older readers who want to help 
younger ones experiment and explore for 
themselves.  It is fun to extract the pig­
ments and the essential oils from leaves; 
simple school science-laboratory equip­
ment (described here with an emphasis 
on the safe use of heat, glassware and 
rubbing alcohol) can do all that and 
demonstrate as well the leaf's need for 
light and the phenomenon of osmosis. 

CORN Is MAIZE: THE GIFr OF THE INDI­
ANS, written and illustrated by 

Aliki. Thomas Y. Crowell Company 
( $ 5 . 9 5 ) .  The cobs are lined up across the 
page in a simple, clear drawing: pop­
corn, sweet corn, flour corn, flint corn, 
dent corn and pod corn. In 30-odd nicely 
drawn pages with lots of yellow and 
green tint and a very brief text the story 
of maize is told for readers in the early 
grades. Surprising in the richness of its 
content, this little book is notably engag­
ing in its warm portrayal of Indian farm­
ers north and south. Maize is a grass like 
the other grains, an early domesticate 

now entirely dependent on human be­
ings. The drawing shows why: the fallen 
ear sprouts a crowd of competing seed­
lings. We see the long journey of the 
pollen tube down the strand of silk;  the 
archaeologists in Bat Cave; tortilla, ta­
male and metate ; the joyful ingathering 
dance of the Pueblo village; the gods of 
ancient times;  a big harvester at work. 
The many ways one might encounter 
corn today are exhibited, from corn oil 
and corn syrup to glue and alcohol. The 
well-known artist-author has long had 
an interest both in corn and in American 
Indian culture; they have flowed togeth­
er charmingly in this excellent little 
book, a model of economic ethnobotany 
for third-graders. 

Some Animals 

ACLOSER LOOK AT APES, by David 
Cook and Jill Hughes.  Illustrated 

by Richard Orr . Franklin Watts ($2 .95). 
WATCHING THE WILD APES: THE PRI­
MATE STUDIES OF GOODALL, FOSSEY AND 
GALDIKAS, by Bettyann Kevles. E. P.  
Dutton & Co. , Inc. ($8.95) .  READING, 
WRITING, CHATIERING CHIMPS, text and 
drawings by Aline Amon. Atheneum 
($ 7.95) .  A Closer Look at Apes is truly 
close. A slender book, with little text 
and big, bright paintings, this member 
of a new series published in Britain gives 
the impression of being a primer aimed 
at almost the youngest readers. The im­
pression is dispelled by closer examina­
tion: the text accommodates graphs, di­
agrams of teeth and careful. simply 
written definitions and summations. The 
material is fresh. Consider the figures of 
four primates, orangutan to man, drawn 
side by side at one scale as though they 
had been shaved,  so that the body form 
stands out. Humans are long-legged 
apes, not short-armed ones. The paint­
ings are true scientific illustration. They 
are meant less to catch the eye than to 
exhibit in detail apes, generally in 
groups, engaged in some complex pat­
tern of behavior. Here are a quartet of 
hungry chimpanzees dining on fresh 
meat and another group gathering fruit, 
obviously hampered by the lack of a 
bag, which they have not yet invented.  
The book is a first-class introduction to 
our cousins, suitable, like the other two, 
for readers from the middle grades. 

In the Kevles book we are given a 
more complex view: ourselves watch­
ing. The chief actors are those women 
scientists, all recruited by Louis Leakey 
in the 1 960's, who have become our 
best-known watchers, "courageous, per­
ceptive and patient." The only time they 
all met was in a London apartment in 
the fall of 1 9 7 1 .  in Leakey's last year . 
He never visited with Jane Goodall and 
Hugo van Lawick among their toolmak­
ing chimpanzees on the shores of Lake 
Tanganyika, or with Dian Fossey high 
on the slopes of the Virunga volcanoes 
in Rwanda, where she lives nose-to-
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Harness 
theEternal 
Source 

The New 
Solar 

Powered 
Digital 

Watch of Time! 
Science has harnessed the sun 
in a new solar digital timepiece. 
So advanced and yet so simple. Tap­
ping solar energy for use today! Within 
its elegantly designed case, this watch 
contains an extraordinary array of 
solar-age technolOgy, in a fine Swiss­
made 18-Kt. gold filled case. 

• Continuous Displ • .,.-
Shows either hour {minute • Automatic: Cal_nd.r-
or al1ernating dIsplay Adjusts automatically to 
01 hour Iminute p!"oper number of days 

She-Function and month Idale In each month Performance-HourS , 

0100% Solid State-No 
moving parts to wear 
OUI,clean or maIntain 
Ouartze,ryslalassures 
extreme accuracy 

Powered 
by 

Solar Energy 

• Display Backllght­
miniature lamp 10 
illuminate display In IQw 
light or darkness 

• Seconds R •• doul­
Seconds display 
oontlnuously on 
command 

Loaded with Advanced Features 
The continuous liquid crystal display shows you 
hours and minutes, seconds, or the month and 
the date. Months with 28, 30, 31 days are auto· 
matically adjusted within the computer. Just set 
and forget your watch for a full four years ... from 
one leap year to another. 

Exclusive "Flip-Flop" Feature 
Your solar watch constantly shows the hour and 
minute. Just press the "set" button, and it assumes 
the "flip-flop" mode in which the hour and minute 
alternate with the month and date at one second 
intervals, for as long as you want. Press the "set" 
button again, and you have constant hour and 
minute display. And of course anytime you want 
to see seconds, in either mode, just press the 
button. 

Solar Age Technology in Use 
• The nerve center of this incomparable Solar 
digital watch is a tiny solid state computer which 
is controlled by a minute quartz crystal that vi· 

brates a fantastic 32,768 times a minute. Pheno· 
menal ... our tiny module does the work of over 
1000 transistors. 

• The Solar Time Computer is 99.999% accurate. 
A timepiece of extraordinary precision, your Solar 
watch will vary less than 5 seconds a month in 
normal use. 

• You won't believe that a watch so thin and light· 
weight carries its own energy source Imagine! 
Solar cells that require only 3 minutes exposure 
to sun or indoor light to remain fully charged. 
One cell powers the computer, the other gives 
you an additional feature-a night reading light. 

Enjoy Years of Solar-Age 
Trouble-Free TImekeeping 
This watch maintains the hand craftsmanship 
established by the Swiss in the finest watchmaking. 
There are no moving parts, no gears, no springs, 
no hands, .no dials to cause costly and incon· 
venient repairs. Just an extremely accurate elec· 
tronic computer and 2 marvelous tiny batteries 
that are powered by light and produce energy 
like a perpetual motion machine! 
Your Solar digital watch is so beautiful, thin and 
lightweight, you'll be proud to wear it as a dress 
watch. What's more, advanced engineering 
makes it a rugged, shock and water resistant 
companion for work and leisure, as well as those 
special affairs. 

Wear Your Solar Digital Watch 
for IS Days 
Be delighted with the most advanced and beauti· 
ful digital watch you can own. If you're not happy 
with lIS incomparable performance, demanding 
accuracy, precise dependability ... send it back to 
us, and we'll refund your money in full. This watch 

carries a full one·year warranty ... and if it ever 
fails to function, we'll repair it or replace it free of 
charge within the warranty period. 

Because this watch is so new, only a 
limited quantity will be available this 
year. ORDER YOURS IMMEDIATELY! 
$149.95 plus $2.50 shipping & 
insurance. 

PROFESSIONAL 
DISCOUNTS 

Texas Instruments 
electronic calculator 
n·30 121.95 SR·51·11 162.95 
1600 21.95 SR·56 84.50 
1650 26.95 SR·52 214.50 

2550·11 28.95 PC·l00 212.95 
SR·40 32.95 n·5050M 89.95 
Bus. AnSI 42.50 5040PO 119.95 ����if 
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little Prof. (2 min.! $16.95 

HEWLETT(fpACKARD 
(No credIt cards) 

Hp·27 5154.00 
IIp·21 171.00 IIP·25C 175.00 
IIP·22 109.95 IIp·67 395.00 
IIP·25 127.60 IIp·97 664.95 
NOVUS� NATIONAL SEMICONDUCTOR 
Malh4510(2 mm) 117.88 Slalist.PR6035 '39.95 
Scientist 4520 29.95 115·852 24.95 
SCIentisIPR4525 54.95 IIS·4515 PR 39.95 
Financier 6020 26.45 115·4640 54.95 
Statisticiall6030 26.45 115·4650 44.95 
Financief PR 6025 39.95 115·4660 59.95 
In California call (213) 370·5795 or ORDERS ONLY 
CALL (BOO) 421·0367 (other than CAl Send money 
order. Pers. ck (2 wks. to clead: in CA, add 6% sales tax 
Add $2.50 min. shipping charges US only $4.00 for 
SR52, PC·1OO, Hp·67. 97. Canada min. shipping charge 
$6.50. WE SHIP UPS AIR. 

TK ENTERPmSES 
16611 Hawthorne Blvd., Lawndale, Ca. 90260 
(213) 370·5795 (800) 421-0367 

To order your Solar Digital Watch, phone (800) 421-0367; In Calif. (213) 370-5795 or mail coupon todayl 
r--------------------� 

I �����,�� 16611 HAWTHORNE BLVD, LAWNDALE, CA 90260 (213) 370-5795 I 
I Yes, I am re�dy to try for 15 days the Solar Digital Watch. Ship me the watch indicated below for I 
I 

$149.95 plus $2.50 shipping and insurance. If I am not satisfied, I may return the watch within 15 
�����. I 

I D Black Face, gold· filled case D Maroon face, gold·filled case 
I D Cash Payment: Check or money 

I order enclosed. (Please be sure to add I 
I 

NAME: any applicable state and local taxes.) 

I To speed· up delivery send money order. 

I ADDRESS: D Bill My Credit Card: D BAC 
I D Master Charge. Bank No. D D D 0 

I COMPANY: Account No. I 
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Copyright©1976 TK Enterprises 

135 

© 1976 SCIENTIFIC AMERICAN, INC



peaceful-nose with the big, bluffing go­
rillas, or with Birute Galdikas and her 
Canadian ex-physicist husband in the 
nature reserve in Borneo. There the little 
orphan orangs taken by the poa�hers are 
brought to be prepared for forest life. 
The "rehabs" are social enough, but the 
wild orangs the watchers seek out each 
day remain shy and solitary, using their 
evident intelligence "more to avoid inti­
mate social contact than to seek it out." 
This book is a prize, because it gives us a 
good look not only at the distinct lives 
and careers of three young scientists but 
also at their current results, which are 
adequately published in accessible form 
only for the chimpanzee work. 

This harvest of primatology is 
crowned by the Amon book, which of­
fers an intimate account of some chim­
panzees next door. Here are Washoe, 
Sarah and Lana, three chimps that have 
been adopted by cousinly humans and 
given entry into human language, ac­
cording to one or another model of child 
rearing. Washoe of course became one 
of the family out there in Reno (Washoe 
County). She learned Ameslan, the 
American sign language. Now past 1 0  
and mature, she lives in a chimp colony 
in Oklahoma, freely making signs to her 
less articulate companions. Sarah had a 
behaviorist education, manipulating 
plastic symbols for speech. She has left 
school, but her successors are hard at 
work. Lana was taught Yerkish by a 
computer, very trendily indeed. The 
work goes on; it is exciting to learn 
that the Nevada studies are being ex­
tended indefinitely by students recruit­
ed from colleges for the deaf. who use 
Ameslan fluently. There are plenty of 
ape students, and chimps study in pub­
lic in the zoo at Portland, Ore. The 
book is fascinating and well illustrated, 
but it deserves the index it lacks. 

The last word goes to the young Con­
golese with Fossey: "Awed at the sight 
of his first gorilla, he whispered, 'Surely, 
Lord. these are our relations.' " 

ELEPHANTS, by Joe Van Wormer. E. P. 
Dutton & Co . .  Inc. ($ 7. 5 0). WHITE 

GOLD: THE STORY OF AFRICAN IVORY, 
by Derek Wilson and Peter Ayerst. 
Taplinger Publishing Company ($9.95). 
Three dozen halftone photographs. 
mostly full pages, complement the sim­
ple, engaging text of Elephants. The pic­
tures were mostly made in the field in 
Africa; they add up to a loving look at 
the great beasts. with the texture of 
trunk and hide, the happy bath in dry 
dust. the big herd rolling by with gleam­
ing tusks, everything but the "rumble of 
massive digestive systems busy at 
work." The text scotches myths: ele­
phants certainly do not fear mice, and it 
seems unlikely that they never forget. 
Although that huge foot with its great 
toenails is solidly planted on the ground, 
the animal has a way to manage a "fast 
walk," clocked at 24 miles per hour, the 

136 

speed of a human Olympic-standard 
sprint. It is all a compact delight worthy 
of the splendid animals, suited to any 
good young reader. 

Relations between the elephant and 
man do not, however, fit the idyll of the 
photographic safari. White Gold is a 
careful study (with interesting period il­
lustrations) by two English writers with 
East African experience. It reveals us, 
the most cunning of social apes, as the 
artist-predators we are. Once we ate ele­
phants; now Europe, Siberia and New 
Mexico hold only the tusks and bones of 
the vanished mammoth. In classical an­
tiquity we hunted for ivory; no longer 
do elephants dwell north of the Sahara. 
The wealthy Roman Seneca owned "500 
tripod tables with ivory legs." In popu­
lous India the chief use of ivory has 
been, and it is to this day, the marriage 
bangles of the young bride. 

India has many elephants of its own; 
the craftsmen of China for a long time 
worked the tusk legacy of buried mam­
moths. Since medieval times, however, 
the elephants of Zenj-the black peo­
ples' land-have furnished more and 
more of the glowing material for skill­
ful carvers the world around. First came 
the Arab merchants along the coast 
and their heirs the Zanzibaris, who 
made the second half of the 1 9th century 
an epoch of bloody caravans of wanton­
ly mistreated tusk-bearing slaves. Those 
were the days of H. M. Stanley, David 
Livingstone and Tippu Tip. Then came 
the white hunters and their legends. 

The trade still prospers, even though 
large tusks are now a rarity. The game 
parks shelter uneasy crowds of ele­
phants; there they do not grow old. It is 
not the swashbuckler or the poacher 
who dominates the trade in ivory today, 
but the national game departments that 
seek to manage the great preserves. 
Since May, 1 9 7 3, there has been only 
government ivory for sale in the Mom­
basa auctions; Tanzanian tusks go di­
rectly to the Chinese carvers, and only in 
the Congo basin can hunters operate un­
der loose control. The serenity of the 
warm ivory surface still attracts the 
craftsman and his sensitive client. Only 
billiard balls are no longer made of ivo­
ry; they must roll true, and the synthetic 
is more uniform. But high-quality piano 
keys, netsuke figures made by hand or 
by machine, the intricate ivory sculp­
tures from the workshops of Peking and 
Foochow and the bangles and chop­
sticks of half the East still give incentive 
to our 1 0,000-year war against the ele­
phants, while we steadily continue to 
take away their range for our own. This 
cool and comprehensive account of the 
irony that grips men and elephants is 
superb reading, although hardly for 
those young enough to hold illusions. 

MONKEYS WITHOUT TAILS, by John 
Napier. Taplinger Publishing 

Company ($ 1 6 .9 5). In this friendly, 

well-illustrated book a London profes­
sor of primate biology offers a "giraffe's­
eye view," as that farseeing mammal 
might see human evolution "going on 
under (albeit a long way under) its nose. 
A giraffe sees man as a monkey without 
a tail, a rather ordinary primate." This 
conceit may be doubtful ; indeed Profes­
sor Napier offers a postscript explaining 
that although giraffes are somewhat saf­
er now from "be ing shot, stuffed and 
mounted." they are still under heavy 
threat from man's manipulation of their 
natural habitat, something the baboons 
and patas monkeys never did. 

The book presents five chapters, each 
stemming from a lecture televised from 
the Royal Institution during a recent 
Christmas season, the series being the 
1 4 1 st of its kind. The live chimpanzee 
and the strong girl tearing the telephone 
book in half remain to us in photo­
graphs; we see in addition a couple of 
dozen color pictures of a zooful of our 
primate kin, plus a good deal more of 
apedom. The chapters include the zoo, 
an account of variation and natural se­
lection, a survey of geologic time, a 
chapter on the apes and a final chapter 
on "the hallmarks of mankind," reduced 
perhaps a bit too sternly to what you can 
tell from old bones, which is hardly the 
giraffe method the author playfully be­
gan with. 

Human genetic traits of hand clasping, 
arm-folding, palm lines and the better­
known PTC tasting are all described. 
There is also the story of Imo, a brilliant 
Japanese macaque whose two inven­
tions swept through the culture of her 
troop; Napier sees her as a "simian 
Mary Quant." Imo first showed the way 
to wash sweet potatoes in the sea, and 
later how to separate wheat grains from 
sand by flotation. 

The big toe is given its proper place as 
a key in the bipedal gait of human be­
ings. The precision, power and hook 
hand grips are all discussed in some 
depth. The photographs include an in­
teresting string of chimpanzee mug 
shots (the faces are quite different) and a 
white-faced flock of remarkably uni­
form purebred sheep. The BBC-televi­
sion get-together of 300 pairs of identi­
cal twins in 1 968 gave an altogether 
extraordinary sample of dittoed hu­
manity ; one photograph shows many of 
them clustered around David Frost in 
an image worth a good deal of study. 
This is a lighthearted and intelligent in­
troduction to human evolution, acces­
sible to any good reader in the upper 
grades and beyond. 

THE CAVE BEAR STORY: LIFE AND 
DEATH OF A VANISHED ANIMAL, by 

Bjorn Kurten. Columbia University 
Press ($8.95) .  Dragon Cave in Austria 
was singled out in early days as the re­
pository of an enormous quantity of the 
bones of great creatures, plainly the 
prey of the unfriendly local dragon. By 
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man's 
They were master 
Now they are a forgotten 
to whom many promises have b 
And few kept. 
Julyi is poor but has an abundance of hope. 
She needs a helping hand. 
And a friend who will understand. 

For $16 a month, through Save the Children Federa­
tion, you can sponsor a child like Julyi so that she will 
not be forgotten. Give her the things she must have 
to keep her mind, body, and spirit alive. And com­
bined with money from other sponsors, your $16 will 
help Julyi and the people of her community. With a 
desperately needed food co-op, income-producing 
handicraft programs, vocational training, youth ac­
tivities, clinics, and more. In simple terms, help a 
proud, hardworking people help themselves. For this 
is what Save the Children has been all about since 
1932. 
For you-educated, involved, and in touch with your 
own heart-there are many rewards. Correspond with 
a child. Receive a photo and progress reports. Reach 
out to another human being. That's how Save the 
Children works. But without you it can't work. So 
please: clip this coupon and mail it today. Now you 
can turn the page. 

We are indeed proud of our use of your funds. Annual report and audit 
statement available on reQuesl. Member of the International Union 

for Child Welfare and the American Council of Voluntary Agencies for 
Foreign Service. Contributions are Income tax deductible. 

I wish to contribute $16 a month to sponsor a 0 boy 0 girl 0 either 

o Where .the need is most urgent 
o Appalachia (U. S.) 0 Honduras 
o Bangladesh 0 Indian 
o Chicano (U.S.) (Latin America) 
o Colombia 0 Indian (U.S.) 
o Dominican Republic 0 Indonesia 

Enclosed is my first payment: 

0$16 monthly 0 $96 semi-annually 
o $48 quarterly 0 $192 annually 

o Inner Cities (U. S.) . 
o Israel 
o Korea 
o Lebanon 
o Mexico 
o Rural South (U. S.) 

o Instead of becoming a sponsor, I am enclosing a contribution of 
$ . 

o Please send me more information. 

NAME ____________________________ ______________ ___ 

AD 0 RESS ____________________ ____________________ __ 

CITY ____________ _ STATE ____________ ....LZIP' ______ _ 

David L. Guyer, Executive Director 

SAVE THE CHILDREN FEDERATION 
We s t p o rt ,  Co n n e ct i c u t  06830 

L� _____________________ ���� 
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Experience 
the exciteDlent of owning the finest 
per�onalcoDlputer-
IMSAI8080 
Waiting for you - all the incredible 
performance and power of the 
IMSAI 8080. And at a price you 
would normally pay for a home 
music system: $599 in kit; $931 
assembled. 
WORLD OF USES 
The IMSAI 8080 is a superbly 
engineered, quality computer. It is 
versatile, expandable and power­
ful, putting literally hundreds of 

applications and uses at your 
fingertips. Imagine sitting at your 
desk and enjoying interaction with 
your IMSAI 8080! Press the on 
switch and you're ready for game 
playing, research, education, busi­
ness applications, or for laboratory 
instrument control. It has all the 
power you need, and more, to 
make your application ideas come 
alive. 
GROWS WITH YOU 
The IMSAI 8080 is designed for 
many years of pleasure. With its 
open-chassis engineering you can 
expand your system by adding 
peripherals and interfaces. The 22-
slots and 28 amp power supply 
mean that you can plug-in today's, 
plus tomorrow's modules. 

Right now you can add a module 
for displaying color graphics and 
characters on 1V; a ready-to-use 
keyboard; small and large printers, 
and a single interface that lets 
you attach multiple devices includ­
ing a cassette tape recorder. Ex­
pect the latest, exciting equipment 
from IMSAI. We are committed 
to leadership in this expanding 
technology. 
EASY TO PROGRAM 
With our BASIC language you 
can operate the IMSAl 8080 
qUickly and easily. Thchnically 
knowledgeable? e our assembly 
language elop sophisticated 
and e software. . 

If you're lhlnking personal computer. 
treat yourself to the very best -
IMSAI8080 
Send for free four-color brochure 
or $1 for catalog. Call or write for 
name of nearest dealer. 

IMSAI 
IMSAI Manufacturing Corporation 
148 60 Wicks Blvd. 
San Leandro, CA 94577 
(415) 483-2093 
TWX 910-3667287 
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the 1 9 30's the cave had yielded up 
enough carefully examined bones to 
make it clear that some 30,000 to 50,000 
cave bears had died inside. Indeed, the 
abundant cave sediments were long 
mined for phosphate. The numbers are 
impressive, and many a scholar has seen 
in them evidence for a flood of bears, 
bears by herds and bears in droves, wan­
dering over Europe during the warm­
er interglacial periods. The teeth and 
bones could be sorted: in the uppermost 
strata there were three big adult bears to 
be counted (mainly by canine teeth) for 
each small adult. The first theorists 
thought this showed the degeneration of 
the species; the 1 ,000-pound big bear 
was being joined by a dwarf strain. In 
the lower strata the ratio of big bears to 
small ones was equal. which could be 
explained on the basis of male and fe­
male bears but which would not work 
for the three-to-one ratio. In one dark 
passage were found 42 bear skulls and 
many long bones, which were rare else­
where. Surely such a selection meant 
that some contemporary human cultists 
had chosen the bones for sacred preser­
vation? 

It is all fantasy, from the dragon on. 
This Helsinki paleontologist shows why 
in a splendidly straightforward little 
book, irresistible to naturalists young or 
old who enjoy the game of inference. 
The herds never existed, even though 
the cave bear was nearly vegetarian 
("the least carnivorous of carnivores, 
and the most bearish of bears"). One 
family of bears each season and one 
dead bear every other year fit the actuar­
ial statistics measured in the bones and 
make the cave appear to be a dragon's 
lair after a mere 1 00,000 years. The 
small teeth are those of adult females, 
all right; the numbers were biased in the 
count, and a she-bear looking for a 
quiet, snug place to rear her cubs is not 
attracted to such big caves, which are 
agreeable to ill-tempered males pass­
ing a lonely winter. (Counts of cub teeth 
show a male-female ratio of unity.) 

For the story of the skulls so well se­
lected and carefully preserved you will 
need to read the book. Suffice it to say 
that one cave held bear skulls in a kind 
of limestone chest made of slabs from 
the roof, yet even this can be explained 
most reasonably without human pres­
ence. There was a bear cult, but it came 
much later and was probably built 
around the brown bear. It is witnessed 
not by mere bones but by engravings, 
paintings and sculpture; the Great Bear 
of the skies is surely a brown bear. 

Margaret Lambert has supplied con­
vincing restoration drawings of long­
gone animals and landscapes for this 
low-keyed book by a real expert who 
makes plain what evolutionary biology 
is all about. Professor Kurten's first 
name means bear; he explains that no 
one escapes his fate. His happy fate has 
been to study cave bears for decades and 

to be able to build of those dry boneS a 
gripping story of "the excitement of dis­
covery; the grandeur of the past; the dy­
namics of life and death ... and the enig­
ma of extinction." 

ANATURAL HISTORY OF ZEBRAS, pic­
tures by Ugo Mochi, text by Dor­

cas MacClintock. Charles Scribner'S 
Sons ($ 7.9 5). Once again this author-art­
ist team has told the life of a hoofed 
animal of Africa. Ugo Mochi gives us a 
long, riveting look at zebras, zebras in 
repose, zebras in flight, zebras rolling 
over, zebras in foal and zebras in heat. 
He has cut each of these characteristic 
little forms out of a single sheet of paper 
with "agile fingers. and a small lithogra­
pher's knife," to make a silhouette that 
neatly evokes reality. Curved black bars 
on a white ground without outlines very 
convincingly display this striped world. 

Zebras are of course horses: the two 
are together in one genus. The mammal­
ogist-author admits that she is obsessed 
with horses, and she and Mochi have 
made a most horsey book. even if it is all 
about the three species of striped horses 
that decorate Africa today and a fourth 
that is no longer there: the quagga, a 
red-brown ponylike animal with stripes 
only in front of its shoulders. The quag­
ga was hunted to extinction by Boer 
farmers more than a century ago. The 
last one died in the Amsterdam zoo in 
1883; if zoos then had been as con­
cerned with the breeding of endangered 
species as they are now, we could still 
admire the quagga. All that remains of 
the animal are a couple of dozen skins 
and three photographs, all of the same 
living specimen. 

The most abundant of zebra species is 
the plains zebra; 150,000 of them, about 
a third of the total. daily pound the 
plains and open woodland of the Seren­
geti. The other species live in the moun­
tains of southwest Africa or along the 
desert edges north of the Rift Valley. 
The familiar zebra of the circus and the 
zoo and the motion picture is the plains 
kind. These are social animals, unique 
among hoofed mammals for their stable 
family groups of one stallion, half a 
dozen mares and their offspring. Ethol­
ogists have found that three-quarters 
of the groups are unchanged over a pe­
riod of two years (they know each ani­
mal by its unique variation in the striped 
pattern), and those mares that disap­
peared were probably taken by lion, 
dog or hyena. At night there is a watch; 
one member of the herd is alert while 
the others sleep. The families form into 
shifting herds of thousands,  each herd 
with its favorite sleeping grounds. 

The book is full of detail, much of it 
applicable to less stripy horses. The ze­
bra is sharply adapted to a life of graz­
ing and galloping over hard ground. One 
leg muscle has lost almost all its muscle 
fibers; it is a tendon spring with an ac­
tion not unlike that of a pogo stick. 

("The harder the impact, the higher the 
bounce.") The stripes remain an enigma. 
It does seem that the older zebra forms 
were a dark solid color on which the 
white stripes evolved. But why? Are 
they camouflage, dazzle painting, a rec­
ognition signal or heat control? Here we 
see a pair of zebras that look like a pho­
tographic negative and its positive; one 
animal has wide black stripes with nar­
row white interspaces and the other has 
the reverse. This definitive book cannot 
miss ple!J,sing anyone fond of horses or 
of zebras who is old enough to read in 
some detail about the facts of life. 

Living Chains 

M ILKWEED DAYS, by Jane Yolen, 
with photographs by Gabriel 

Amadeus Cooney. Thomas Y. Crowell 
($5.95). DIARY OF A MONARCH BUTTER­
FLY, by Susan L. Thompson. Graphic 
design by Sas Colby, with detail draw­
ings by Judy LaMotte. Magic Circle 
Press, distributed by Walker and Com­
pany ($ 6.5 0). THE MILKWEED AND ITS 
WORLD OF ANIMALS, by Ada and Frank 
Graham. Photographs by Les Line. 
Doubleday & Company, Inc. ($5.9 5). In 
the sweet-smelling meadow behind the 
barn the milkweed plants grow so high 
late in the summer that a small boy dis­
appears in them. The rough pods hold a 
cloudy secret; once the silk is revealed 
the children catch on and blow it again 
and again. It is September snow that a 
boy can recall all winter long, with one 
unopened pod kept to help him dream 
of sunny milkweed days. Milkweed Days 
is a small, poetic tale given force by the 
evocation of that meadow and the chil­
dren in admirable black-and-white pho­
tographs. To this book with its brief and 
simple text the other two add a deeper, 
more studied world, the world of life 
that dwells on the milkweed. 

The Thompson book is also one of 
brief text, written as a journal of a sum­
mer month in which two girls of school 
age are drawn into the enchanted devel­
opment of a monarch butterfly step by 
step from an egg on a milkweed stalk to 
a flight over the field of milkweed to the 
horizon. The illustrations are strong sil­
houettes of the girls and their careful 
work, enhanced by detailed drawings in 
line and stipple that give a closer view 
of the hungry caterpillar, the jeweled 
chrysalis and the triumphant butterfly. 

The Graham book cuts a wider swath 
for older readers, again with splendid 
large photographs of the milkweed 
meadow. Many insects are part of the 
meadow's web of life, and the book tries 
to make plain how the qualities of the 
milkweed fix the lives of the monarch 
butterfly and the milkweed beetle , the 
aphid and the ladybug, the ant and the 
honeybee, the katydid, more butterflies 
still and a legion of spiders. Some mac­
rophotography takes us into this small 
world, and we are told about the spread 
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of a radioactive tracer (quite safe in 
amount) through the insects and plants 
as it is measured by Jim, "a scientist who 
comes to the meadow" and helps us to 
realize how many families of insects live 
there. The text, outweighing the pictures 
but still never taxing, presents by con­
crete example the grand ecological view 
of the flow of matter and energy through 
a part of the living world. Seeds and eggs 
alone remain to overwinter above­
ground, the legacy of the milkweed 
patch that sleeps below, a complex sys­
tem of roots ("really one huge plant") 
that will nourish the cycle again once the 
sun of spring returns. 

KNOWING THE OUTDOORS IN THE 
DARK, by Vinson Brown. Illustra­

tions by Phyllis Thompson and others. 
Collier Books ($2.95).  Sit still and watch 
in the dark! Forty-five minutes for dark 
adaptation, the use of starlight or moon­
light (sometimes with help from snow) 
and much practice in your backyard, 
and you can wander slowly through the 
"frightening dark masses" of the night 
without fear and with a deepening sense 
of meaning. Woods, meadow, desert 
and beach are all alive by night. One 
who prepares can come to know that 
life. The branch tips of a Douglas fir 
"seethe in the wind like octopus tenta­
cles," and the carefully filtered red flash­
light you may want to carry shows now 
the small orange-red eyes of the noctuid 
moths on the tree trunks, now the fiery 
white eyes of a coyote. There are the 
strange falsetto cries of the male porcu­
pine at mating time and the acrid musky 
odor of a badger. Odors are better 
sensed on a damp night with a nose held 
low to the ground. 

You do not have to muster that much 
courage. It is possible to watch from a 
comfortable porch or from a chair on a 
small platform in the desert, its feet 
standing in cans filled with oil, proof 
against the venomous creatures of the 
Sonoran night. Keep vigil beside a night­
blooming plant, from the giant cereus 
to the evening primrose, and you will 
watch and smell a sequence of hidden 
wonder in the desert and in a city park. 
The lonely seashore offers the endless 
sounds of the sea, like "the long breath­
ing of a great sea monster," maybe the 
remorseless sun star forcing open its 
clam prey or the flower animals of the 
low-tide pool, revealed by flashlight 
beam in a new richness always hidden 
from the sun's heat and the gull's day­
time search. 

The subject matter of this book is ad­
mirable ; the adept author has made a 
path to a new world right at hand. The 
form is less so: the organization by habi­
tats is somehow fragmented, the draw­
ings are often tiny and the many lists of 
species seem a bit padded, even though 
most of the entries are connected with 
the special nocturnal viewpoint. The 
writing is clear enough, and from time 
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to time achieves the poetry the author 
plainly feels. The book should be a stim­
ulant and a guide to any young natural­
ist old enough to stay up well past mid­
night once in a while, and brave enough 
to sit quite still, near a friend perhaps, in 
the wild darkness. Here we are beyond 
the dream of M aurice Sendak's Max; 
the place where the wild things are 
moves outside. 

W INDOW INTO A NEST, by Geraldine 
Lux Flanagan and Sean M orris. 

Foreword by N iko Tinbergen. Illustrat­
ed with photographs. Houghton M ifflin 
Company ($ 7.95) .  SCIENCE PROJECTS 
WITH EGGS, by David Webster . Illustrat­
ed with photographs in black and white 
and drawings by Rod Slater . Franklin 
Watts ($4. 90). A casual remark by the 
distinguished biologist who writes the 
foreword for Window into a Nest started 
it off. Pretty soon the filmmaker Sean 
Morris had put the idea to work. A 
house window in Oxford was boarded 
up around a small wood birdhouse, its 
entrance hole the size of a 50-cent piece. 
But the birdhouse, or nesting box, had 
no back; that wall was the window glass. 
Black curtains made a kind of dark tent 
inside the window, keeping out the light 
from the room. Morris and his partner , 
the author of a much-praised children's 
book on the development of the chick, 
could enter behind the curtains and view 
the nesting box as though it were a little 
theater lighted only by daylight coming 
through the entrance hole. It turned out 
that even flash photography did not dis­
turb the birds much, and of course pho­
tographs could also be made by natural 
light. The book records a remarkably 
complete and intimate view of family 
life of "shy woodland birds living undis­
turbed in their nest. " Indeed,  in addition 
to the 2 , 000 photographs made for the 
book, an entire motion picture was shot 
over the same three months. 

The bird pair were blue titmice, a kind 
of chickadee. They entered in February ; 
in June a thriving family of seven fledg­
lings left the nest to seek their fortune 
in the world outside. During that time 
the excited authors and their friends 
watched the daily drama for hours on 
end, seeing the first coming together of 
the male and the female, their stern de­
fense of their new territory, the arrival 
of spring (when the male began to feed 
the female), nest building, mating, egg 
laying and the time of incubation, until 
10 speckled eggs hatched seven vora­
cious little birds. (Three other eggs re­
mained unbroken and ignored.) Then 
the parents fetched up to 1 ,000 caterpil­
lars a day and removed the waste pellets 
as their chicks grew. One fine day it end­
ed. The oldest and boldest chick left 
first, called by the male high on a tree 
outside. One by one the rest followed, 
until only one of the two youngest and 
smallest birds was left. "The empty nest 
may have seemed a stranger place than 

the space outside where the familiar 
voices called. The last one went up to 
the nest hole and without any hesitation 
at all it flew out and up , calling all the 
way 'here I come . . .  here I come . . .  wait 
for me!' ' '  

The text is rich with a careful biologi­
cal account, from hormones to behavior 
signals, but it is so devotedly written, so 
close to experience, that it carries in the 
tale of the nest a considerable charge of 
human concern. Human parents also 
bond and rear, and children leave the 
care of home and parents in their time. 
The parallel is real, even though we are 
not birds; our lives are more subtly pat­
terned.  Yet the remarkable story and its 
images give this book a unique flavor; it 
can be read by children in the middle 
grades and beyond. 

Science Projects with Eggs stands in a 
way for the cool biology of the laborato­
ry or the farm, as opposed to the empa­
thy of Window into a Nest. Eggs have a 
shell and a structure, parts and proper­
ties. Fertilized eggs (not those from the 
supermarket) can be hatched, and in­
structions are given for making an incu­
bator out of a Styrofoam ice chest and 
the requisite electrical fittings; it costs 
about $ 2 5 .  Hatching chicks is a wonder­
ful task, even without the parents at 
hand; the study of embryo development 
is more difficult but most rewarding. 
The book is a brief guide to a dozen such 
projects, some as easy as candling, and it 
invites action by both younger and older 
grade school children or class groups. 

People 

THE MOUTH OF THE NIGHT: GAELIC 
STORIES RETOLD, by Iris Macfar­

lane. Illustrated by John Lawrence. 
Macmillan Publishing Co. , Inc. ($6.95) .  
One hundred and twenty years ago J. F .  
Campbell and his collectors walked 
about the Hebrides Islands, seeking sto­
ries told in the Gaelic, stories passed 
without writing down the generations by 
word of mouth, from the same lode 
worked by the brothers Grimm. From 
memory the people "told night-long sto­
ries, without pause or hesitation or repe­
tition." These were translated and pub­
lished in a book that is now a classic for 
the folklorist but is too taut and bloody 
for a child to read with much pleasure. 
The author is herself a folklorist and a 
resident of the Outer Hebrides; she has 
retranslated 1 4  of Campbell 's fine sto­
ries, softened them a little , sorted and 
linked. "Something is lost, something is 
always lost," but the stories are now ac­
cessible. Original drawings, strong, wry 
and fanciful, well illustrate these stories, 
which carry the song of time in a book 
whose form and matter earn it the right 
to be called distinguished. 

A review cannot do justice to one sto­
ry, let alone 1 4, but consider the famous 
hunter Murachag Mac Brian, who lived 
on the Plain of Pebbles. Lost in the mist, 
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he encountered a little man with a 
brown cap on his head. The courteous 
woodman took Murachag home, where 
he sat in a chair of gold while M ur,achag 
sat in one of silver and stared at the 
woodman's wife, a woman of great 
beauty. The little man told the story of 
his courtship, which had carried him 
through sea journeys and knife fights 
across the world. Indeed, he was 
Straight Sinewed of the Glen, a man 
without mercy and without fear of God 
or of man, with a mole on his forehead, 
a charmed shirt of yellow silk, a dart-re­
sisting, flawless bright blue coat, a hero's 
sword and a cluster of narrow knives.  
He finally won his bride and took her 
home; she brought with her much gold 
and silver. "Is it a wonder, oh M ura­
chag, that I do not care to have another 
man stare at her? . . .  Then, although he 
was a famous hunter, Murachag Mac 
Brian shivered, and he made up his mind 
that never again would he stare at the 
wife of a woodman, however small. As 
far as I know he never has."  As for loch 
monsters, there is caught here a three­
headed one, the Uile-Beast. The means 
employed are apt, far more powerful 
than sonar and strobe light. 

THE ANCIENT VISITORS, by Daniel Co­
hen. Doubleday & Company, Inc. 

($ 5 . 95) .  The best-sellers of recent years 
include a variety of speculative works, 
the best-known surely being those of the 
Swiss hotelman Erich von Daniken, 
who wrote one of them while spending a 
year in jail for fraud. The crime had 
nothing to do with his books, yet it hard­
ly serves as a character recommenda­
tion for one who intends to "show that 
all the experts are wrong. "  In this pleas­
ant, timely book, an experienced science 
writer with a long-standing interest in 
the occult analyzes a large body of pop­
ular literature. The topics run from the 
Bermuda Triangle to Easter Island, 
from the huge markings in the Nazca 
desert to the crystal skull in the British 
Museum, from the Great Pyramid to 
Ezekiel's Wheel and the high-voltage 
Ark of the Covenant. Such disparate 
tales are brought together these days by 
a story that ascribes them, every one, to 
ancient visits of superior star folk. 

The chief argument, when it is not 
based on overt distortion of the data, 
turns out to run more or less in the vein 
that those dull non-Europeans in Asia or 
Africa or the Americas could not possi­
bly have made those grand and beauti­
ful things. The stories are not in detail 
particularly new; Charles Hoy Fort had 
most of them before the Great Depres­
sion. But they persist. Cohen does a first­
rate job of calm, skeptical analysis; "the 
fun of the book is in the evidence," he 
says. We ask big questions: questions of 
the universe, questions of the meaning 
and origin of life . We cannot get easy 
answers; the visitors with their UFO ve­
hicles are too easy. 

The young reader is left to make his 
own final judgment, but it is made pretty 
clear that the material is at best wild­
ly unproved and at worst plain fake. 
Meanwhile M agnetic Hill is demonstra­
bly not so magical. that Triangle does 
not eat planes and ships, and one would 
certainly like to see at least a snapshot of 
that boulder floating high in front of the 
mosque in Shivapur, the one that is sup­
posed "to become weightless when elev­
en people stand around it touching it 
with their index fingers and chanting 
'Qamar Ali Dervish' loudly."  One wel­
comes this book, which is never hostile 
or condescending; libraries can make 
good use of it, and it may bring perspec­
tive to many readers. 

ANCIENT INDIANS OF THE SOUTHWEST, 
Il.. by Alfred Tamarin and Shirley 
Glubok. Doubleday & Company, Inc. 
($ 5 , 95) .  Don't lose the jacket of this 
book, because on the back of it is a pho­
tograph in color by Tamarin that cap­
tures the essence of Arizona's Canyon 
de Chelly. Far below the top of the tow­
ering red cliffs, yet safely above the 
green trees of the riverbank, a small ma­
sonry house is tucked into a silent shel­
tering crevice. In fewer than 1 00 pages 
the authors present an outline history of 
our Southwest from the coming of the 
first hunters pursuing elephants up to 
the settlement of the pueblo villages, 
when the mesa people at last came to 
dwell with those who lived by the rivers. 

Those people live there still, in houses 
the color of earth among mountains that 
loom against the sky. In so few pages not 
much can be said about the people, but 
their places and their skills and their fate 
are named, and the plentiful black-and­
white illustrations give a good sense of 
their wondrous arts and skills .  A Clovis 
elephant spearpoint, a M imbres rab­
bit bowl. an etched clamshell from the 
Hohokam at Snaketown, Montezuma's 
Castle and the great kiva at Chaco Can­
yon sample the photographs, most of 
them made by Tamarin. Any reader 
young or old who has seen these sites or 
read the museum labels and wants a 
compact but complete ordered narra­
tive will find it here. 

ALIFE OF THEIR OWN: AN INDIAN 
F AMIL Y IN LA TIN AMERICA, text 

and photographs by Aylette Jenness and 
Lisa W. Kroeber. Drawings by Susan 
Votaw. Thomas Y. Crowell Company 
($8 .95) .  The family Hernandez look 
straight at you out of the frontispiece 
from their strong front door. Father and 
son are dignified, even grave; mother 
and both daughters smile cheerily. Two 
other young women, the American an­
thropologists who wrote the text of this 
unusually substantial book and made 
the photographs, are at the wrong end of 
the camera, but the book grows from the 
encounter between them and the Her­
nandez family. The Hernandezes live in 

the Indian village of San Antonio, not 
far from the old Guatemalan capital of 
Antigua. Mother and the 1 7-year-old 
daughter weave cloth to sell in the mar­
ket, the beautiful hand-brocaded cloth 
the Indian women of this village have 
always woven. Father tills the small 
steep fields they own or rent for maize to 
eat and for chilis to sell in the city. Ar­
noldo, 1 2 ,  and little Evelia go to school. 
First-grader Evelia plays with her doll 
or with her friends and sometimes buys 
an orange popsicle in the marketplace ; 
Arnoldo plays soccer in the square. 

The authors and the family met and 
became friends. Out of that all else 
flows. The tape recorder and the camera 
(the 200 photographs in the book were 
chosen from 4,000) were only tools, less 
important than honesty and care and the 
warmth that eventually came to sur­
round the daily meetings,  the sharing of 
meals, the strange questions and the 
awkwardness of the Spanish language 
that all used with some difficulty. (The 
northerners were of course more at 
home in English, the Guatemalans in 
their own Mayan tongue, Cakchiquel.)  
The first chapter of the book, which ex­
plains how such an anthropological 
study is carried out, is of itself a disarm­
ing and engaging tale of human diversi­
ty and human unity. It makes the book 
itself a believable enterprise, not some­
thing remote from the reader and every­
day life. 

The book goes on to let us see a little 
of the past of the village and its people, 
of daily chores, of the work of men and 
of women, of meals, school. health care, 
government, market, fiesta and church. 
There is a third part of the book: taller, a 
workshop, which tells how a group of 
children can come to "feel a little of 
what it's like to be an Indian in Latin 
America. "  There is a plan of the com­
pound, and an outline of the way to car­
ry loads and babies, to bathe, to plant 
chilis, to cook, to make kites, to go to 
market, to prepare for a carnival day. It 
is plain that this is not the life of many 
Americans: two marked differences are 
the steady physical labor, particularly 
for the women, and the unchanging diet. 
There are no schoolbooks, no television, 
no movies (there is radio); there are bi­
cycles, buses and a doctor who comes 
once a week. Yet there are similarities 
that lie deeper; the world of San Anto­
nio, like ours, is gripped by change. The 
task of the young there will be to hold a 
life of their own, with its traditions and 
its pride, while change works its will. 

The earthquake early this year hit San 
Antonio heavily, but we do know that 
the Hernandez family has survived. 

The Physical World 

THE STARS BELONG TO EVERYONE: 
How TO ENJOY ASTRONOMY, by Hel­

en Sawyer Hogg. Doubleday & Compa­
ny, Inc. ($ 1 2 . 50).  Professor Hogg is a 
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well-known professional astronomer at 
the University of Toronto; she patently 
enjoys her own work and has spent a 
long career working with the general 
public as well. writing a weekly newspa­
per column. lecturing and "poring over 
old books." It shows. She has assembled 
a fresh set of chapters on the sky. the 
real sky. with its surprises and disap­
pointments. its joys and wonders. its 
depth and variety. In a few useful pages 
she gives us a "celestial log." a list of 
what you can see with your own two 
eyes: the atmosphere. the sun. the moon. 
planets. stars. star clusters and galaxies. 
Some things need "luck as well as per­
sistence. "  such as a blue sun. She herself 
saw a mauve sun in 1 9 50 in Toronto. 
during the great muskeg fires in Alberta 
that fall. whose smoke particles drift­
ed across half of the world to induce 
dark days and remarkable color effects 
(which happen once in a blue moon !). 

The chapters lightly pursue most of 
the familiar topics of popular astrono­
my. from eclipses and comets to constel­
lations to pulsars and the large space 
telescope. They do not exhaust the read­
er or the topic; they open a door on the 
subject. as the telescope enlarges the as­
tronomer's days and nights that she de­
scribes so honestly. The readable. per­
sonal, thoughtful text is most of the 
book; the illustrations are good but not 
showy. and there is valuable reference 
material. Any reader beyond the middle 
grades should profit from it. 

COSMIC VIEW: THE UNIVERSE IN 40 
JUMPS, by Kees Boeke. With an in­

troduction by Arthur H. Compton. The 
John Day Company ($6.9 5). In its ninth 
impression this book. first published in 
1 9 5 7. remains a classic of science teach­
ing. It begins with a photograph of a 
young girl sitting with a cat in her lap in 
front of the school near Utrecht where 
the late author taught. Then page by 
page we see careful drawings of what 
would come to our view as we pull back. 
examining each time a field one order of 
magnitude larger. Thus we withdraw to 
an airplane survey. a satellite map. a 
view of half of the earth and far beyond. 
We pass a sequence of dark. nearly emp­
ty scenes in the depths of space. until our 
galaxy fills the page in Plate 22. By Plate 
26 we see a cosmos of galaxies like so 
many dust particles. our own galaxy 
quite lost among them. 

The voyage begins again with the 
schoolgirl ,  but now we find a mosquito 
on her hand. in a view that has only a 
tenth the diameter of the original field. 
A few plates later we go beyond the mi­
croscope. to see a few viruses and the 
edge of a great salt crystal. We now en­
ter an even smaller microworld. again 
passing through nearly empty fields. un­
til at Plate Minus 1 3  we see the nucleus 
of a single sodium atom. drawn as a 
fuzzy gray disk. 

The scrupulous accuracy of the plates 
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is one feature of the work. Another is 
the genuine sense of voyage: nothing is 
shown to us that could not plausibly be 
there. and as far as knowledge goes ev­
erything is drawn as it is. For example. 
the planets are in the true positions of 
December 2 1 ,  1 95 1 .  the adopted epoch. 
Today we could drive perhaps two or­
ders of magnitude deeper into the nucle­
us and the nucleons. and we might in­
clude some sense of the supercluster of 
galaxies in Virgo. maybe even the pri­
mordial fireball of the big bang. But the 
spirit is changeless; the book has in­
spired any number of other authors 
and at least two admirable films ani­
mating and extending the cosmic view. 
Never before reviewed in these pages. 
the book foreshadows the wonderful 
photographs of the earth made from 
satellites.  and it provides a seamless 
context for the innumerable images of 
micro- and macroreality we now see 
every day. It is an education in itself. as 
fresh as it ever was. 

OPTICAL DESIGNS IN MOTION WITH 
MOIRE OVERLAYS, by Carol Bel­

anger Grafton. Dover Publications. 
Inc. ($ 3). THE MAGIC MOVING PICTURE 
BOOK, by Bliss. Sands & Co. Dover Pub­
lications. Inc. ($ 1 .75). These are two 
closely related bargains. Each is 11 thin 
book of designs in black and white. with 
a cover pocket that holds a piece of clear 
acetate printed with its own set of strong 
black patterns. When the transparent 
sheet is laid on one or another of the 
printed pages. moving it causes the strik­
ing effects we call moire patterns to fill 
the eye. The effects are irresistible for 
viewers from six to 80; the only dexteri­
ty demanded is the ability to move the 
sheet quite slowly . a couple of seconds 
per centimeter. 

The designs in the two books are quite 
different. Optical Designs in Motion pres­
ents some 80 op-art abstract patterns. 
with four different simple. open patterns 
on the overlay. It gives rise to a literally 
dizzying variety of optical twists and 
shimmers. occasionally even false color. 
The first page offers the self-patterns of 
the overlay .  which are the most interest­
ing for understanding as distinct from 
sheer dazzle. Th e Magic Moving Picture 
Book was a London novelty of the year 
1 89 8; it has a simple. close-ruled over­
lay and 1 5  engraved scenes. such as the 
Serpentine Dancer (parental guidance 
not required). the Traction Engine. the 
House on Fire. In each of these period 
scenes some specially ruled areas flash 
out in systematic shadowy motion. The 
direct experience is of real interest. and 
it can nurture a deeper analytic under­
standing later. The simplest ruled over­
lay placed on a ruled page of slightly 
different spacing (the Changeable Tint) 
exhibits the vernier. the root idea of in­
terference and a valuable analogy with 
Fourier analysis. In Optical Designs in 
Motion radial and polar overlays display 

the effects of simulated two-source in­
terference in simple cases.  which are 
soon left far behind. 

SOUNDS OF MUSIC, by Charles Taylor. 
British Broadcasting Corporation 

( £6.50). From the first picture of Profes­
sor Taylor sounding an oboe to the 
matched score and oscilloscope trace of 
the Mozart trio that is the final appen­
dix. this volume plays out an up-to-date. 
highly informal introduction to the 
physics of music. copiously illustrated 
and free of formulas but by no means 
elementary. The book derives from the 
1 42nd course of Christmas Lectures 
"for a juvenile auditory" at the Royal 
Institution of London (in 1 9 7 1 ). Now 
that the BBC puts the lectures on televi­
sion. they can be rich in visual aids. as 
these are. The skills of the University of 
Cardiff physics department. where the 
author teaches. and of Bill Coates of the 
Royal Institution and his laboratory are 
seen in the photographs and in much 
special apparatus. 

The story begins with notations of all 
kinds. even the wonderful cartoons of 
Saul Steinberg. It passes soon to the idea 
of waves-something travels but not 
matter-and explicates the notions of 
frequency. patterns of periodic motion. 
modes of vibration and harmonics.  with 
examples from Mendelssohn and the 
Pink Floyd. from thumb piano. siren. 
single string and saw. The next topic is 
transients: the bowing. plucking and 
striking that characterize real instru­
ments. Then we see spectrum composi­
tion. illustrated with many examples. 
for instance noise pink and white. which 
we see generated by a 30-channel spec­
trum shaper and analyzed by a similar 
real-time analyzer. So armed.  we exam­
ine the output of the instruments. from 
the Helmholtz resonator to the tenor 
trombone. for main components. Here 
the text faces up to the nonlinear effects 
that Professor A. H. Benade has so 
clearly identified as determining the 
sound of real clarinets and horns. 

Speech is not forgotten. and its rela­
tion to the reed instruments is drawn on. 
The longest chapter treats in detail. if 
briefly. the acoustics behind the con­
struction and design of brasses.  wood­
winds. fiddles old and new. keyboard 
instruments and the synthesizers and 
digital-analogue converters of today. A 
chapter on room acoustics makes good 
use of the waveforms visible in model 
rooms immersed in a ripple tank. and 
there is a final chapter on the ear. 

We also learn about the j udgment of 
pitch. the intensity of sound and specu­
lations on the nature of musical scales. 
There is a useful column on talking 
drums. which helps to emphasize how 
little the ear is a mere telephone receiver 
and how much hearing is an active mod­
el-building process. This is not an easy 
book. but it is a fine start for a serious 
reader. and he needs little mathematics 
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for the task. Interested teenage students 
will find it enriching. 

SIDEWALK FOSSILS, text and photo· 
graphs by Robert Sommer and Har­

riet Becker. Walker and Company 
($5.95). Dinosaurs left footprints by 
chance in mud that dried and once in a 
great while very slowly became rock. 
Such a track. looking like the print of 
a bird with foot-long claws. is neatly 
shown in this fresh book on seeing the 
world. Most of the other photographs 
offer prints of a related kind. again often 
accidental. Sidewalks are being poured 
in fresh moldable concrete just about 
every day. in season. in any city; in those 
surfaces you find the prints of people. 
pets. leaves. pinecones. badminton shut­
tlecocks and more deliberate souvenirs. 
These last include the trademarks of 
contractors. names (one is here in Chi­
nese character) and figures telling us 
years later that M loves Y. Leaves are 
the commonest street fossils. but these 
clever California searchers even found a 
sundial. They tell about making rub­
bings of the impressions and how to 
make your own mark in your own little 
patch of concrete. There is a lot to figure 
out from this book. or from the sidewalk 
itself. Early readers can manage the 
book. (About all one misses is a remark 
on the possible ambiguity of viewing 
photographs showing relief: Is it con­
cave or convex? Most of those here 
come right the first time.) 

Technology 

BUILD YOUR OWN WORKING ROBOT, 
by David L. Heiserman. Tab 

Books. Blue Ridge Summit. Pa. ($ 8 .95). 
This is the real thing. The small. credi­
ble. detailed text. with lots of diagrams. 
logic tables and a few rather gray photo­
graphs. explains how to build Buster. He 
is no television-program robot with 
flashing eyes but a small self-operated 
device on wheels working "more like an 
animal than a machine."  Buster's me­
chanical basis is a battery-operated toy 
automobile just large enough to carry a 
small child. Such a toy can be bought 
retail for $ 3 5  or less. Then your task is to 
fit it out with an evolving nervous sys­
tem. amounting eventually to about 30 
printed-circuit boards. The task is  de­
scribed in an evolutionary way. in three 
phases. In Phase I Buster becomes "an 
over-designed steering toy" able to fol­
low push-button driving commands 
sent over a cable. In Phase II he devel­
ops the ability to run freely and to mud­
dle his way out of corners and colli­
sions. finally leaving the cable to obey 
acoustic commands. In Phase III­
which is not at all the end of Buster's 
potential-he becomes able to follow 
his builder around the block or wander 
through the house for hours. and in the 
end he can find his way back to feed at 
the old home current trough. 

This is no easy challenge. A lone part­
time experimenter might take as much 
as five years to build and debug the 
boards with their hundreds of mostly 
discrete circuits (transistor-transistor 
logic). switches. relays. batteries and the 
like. The book is an intelligible plan and 
guide for readers with experience in 
printed circuitry. not a detailed recipe 
for rank beginners. It appears to be a 
first-class instructive task for groups or 
clubs of adept high school or technical 
school students; the author thanks the 
students and staff of the Ohio Institute 
of Technology at Columbus. (Please do 
not write these inexpert reviewers if 
some bug infests a diagram. Try the au­
thor !) 

BOOMERANGS: MAKING AND THROW­
ING THEM, by Herb A. Smith. Illus­

trations by Malcolm Kemp. Photogra­
phy by James Clevett. Gemstar Publica­
tions. Littlehampton. Sussex. England 
( £0.80).  Smith makes and throws return­
ing boomerangs superbly well (his rec­
ord is 1 0 8  yards out and back to the 
mark) even though "like the aborigine. 
bless him. [he is] blissfully ignorant of 
the reasons a boomerang will perform in 
a certain way." Trial and error has led 
him (and them) to a certain mastery. 
He shares it in this booklet. which tells 
how to make a boomerang. decorate it. 
throw it and catch it. Two very simple 
boomerangs are described as a bonus: 
one made of two rulers and the other of 
cardboard. The final chapter tells how 
to make distance throws for return. (The 
secret is a ballast of lead.) It is important 
to recognize that the Australian hunting 
boomerang was made as an accurate 
missile for small game. which it could 
stop over a range of up to 1 50 yards. It 
did not return. and it was not meant to. 
The return boomerang of the aborigines 
was much lighter than their hunting 
weapon; it was made and used for its 
own sake. often in competition. The two 
types are confused in many conven­
tional accounts. Australian boomerangs 
have a return range of perhaps 40 yards. 
but of course they have no lead ballast. 
For the theory of the boomerang there is 
still no better source than the article by 
Felix Hess of the University of Gronin­
gen in Scientific Am erican for Novem­
ber. 1 968.  

THE UNDERWATER DIG:  AN INTRO­
DUCTION TO MARINE ARCHAEOLOGY, 

by Robert F. Marx. Henry Z. Walck. 
Inc. ($9.95).  Archaeology is an addic­
tion. and Robert F. Marx has it. Once an 
underwater adventurer. a mere treasure 
hunter. he has dived onto 500 ship­
wrecks (including two ships of Christo­
pher Columbus !).  Now he is caught all 
the way: he offers drawings of types of 
glass bottles and olive jars decade by 
decade. a similar set of sketches of clay 
smoking-pipe patterns. the types of can­
non to be found on Spanish ships by 

date. coins and their literature. and how 
to get expert advice on bones and but­
tons. ballast and boulders. He found 
the second-richest ship · to sink in the 
Western Hemisphere. the Maravilla. He 
dived onto her in the summer of 1 972, 
only half a mile south of where his chart 
said she lay. He got that chart not from 
some old salt who traded it for rum in a 
Caribbean bar but after "culling more 
than twelve thousand pages of docu­
ments" concerning the ship in the fa­
mous and dusty Archivo General de las 
Indias in Seville. He is now digging 
earthquake-submerged Port Royal in 
Jamaica. where archives can often iden­
tify the house he is working in by the 
name of the owner. 

This personal volume is an invitation 
to involvement. It is meant for the ama­
teur who wants to dive into the past. 
There are three million scuba divers in 
the U.S. and a million in Europe. They 
have done far more harm than good to 
our knowledge of the past; they have 
opened wrecks and submarine deposits 
not for the unique story they can tell but 
for metal scrap or souvenirs. Once the 
object is gone its story remains untold; 
sometimes the act removes the one trace 
by which a wreck can easily be found. 
The book sets the stage. treating the re­
search above the water. the search for 
the site itself. the excavation. the prob­
lems of identification and dating. of 
preservation and publication; it also 
provides a glimpse of the future. 
Through it all is the enthusiasm and ex­
perience of the amateur par excellence 
who turned real pro. 

Here are the Hookah and Desco div­
ing gear. and the Surface Air Supply sys­
tem. the cheapest and safest way to 
work in shallow water. Here are the air­
lift and the prop-wash tube. Loran and 
side-scan sonar. no less than the diver's 
personal marker buoy. made of painted 
balsa about the size of a six-inch length 
of broom handle. The book is never as 
systematic as a how-to-do-it. but it is full 
of knowing hints and experienced ap­
praisals of how to solve the endless 
problems of the underwater dig. 

So far we have been only coastwise 
archaeologists. but in the true depths of 
the sea there lie intact. undespoiled 
wrecks in vast numbers. their wood pre­
served. far below oxygen and free of 
shipworms and coral. beyond the reach 
of storms and careless divers. There "the 
richest museum of antiquities in the 
world" remains to be opened. 

THE PENGUIN BOOK OF KITES, by Da­
vid Pelham. Penguin Books ($4.95).  

Pelham is a longtime kite freak who has 
spent the past eight years as the art di­
rector of Penguin Books. This attractive 
book. which combines his interests. is 
divided neatly into sections. In the first 
section the kite is examined in history. 
After the ancient days the author focus­
es on the 1 9th century and later. with a 
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good deal to say about the modern delta 
wings. flexibles and parafoils. The fig­
ures are numerous. from the kite-borne 
escape of a noble Japanese captive (af­
ter a print by Hokusai) to the industrial 
parafoils of today. hauling logs or lifting 
aerials. The next section brings a collec­
tion of color photographs. half of them 
brilliant modern structures and half 
marvelous traditional forms from Chi­
na ana Japan. The last section is devoted 
to the construction of kites.  Half of the 
book is given over to large sketches. 
black and white on brightly colored 
pages. with construction hints for knots. 
joints. cloth. reels. bridles and tails.  
Hints on where and how to fly are not 
omitted. 

That part of the book shows in outline 
form some 1 00 patterns of kite. all re­
portedly flight-tested. ranging from the 
complex and difficult to mere folded 
writing paper. (There are a few bits of 
British jargon. for example "A4 pa­
per .") These diagrams are clear. but 
they are not step-by-step recipes; they 
ask for a little experience or at least 
some handy know-how. It is a fine book 
for those with enterprise but not for 
sheer beginners at reading or at kites.  

Language and Form 

AN INTRODUCTION TO TENSEGRITY, by 
I\. Anthony Pugh. University of Cali­
fornia Press ($4.95). GEODESIC MATH 
AND How TO USE IT, by Hugh Kenner. 
University of California Press ($ 5 .95).  It 
was that human verb Buckminster Ful­
ler. "instigator nonpareil. " who found 
the thing and its name: tensegrity. (The 
name is from tensional integrity.) It 
need not be made. although the most 
familiar ones certainly are. of stiff struts 
and taut tendons. The wonder is that 
"the struts of the figures do not touch 
one another. but appear to hang within 
the tendons as if by magic."  There is no 
magic: Newton's equilibria are here. the 
elastic energy high. the equilibrium sta­
ble but tensely vibrating. These two 
books are quite different in level and ap­
proach; together they present an explicit 
rationale and a process of systematic in­
trod uction that lead both to intuitive 
power and considerable calculational 
control over the design of complex mod­
el structures. and to the fundamental. 
rather than the practical. design of 
domes. Indeed. the Kenner book. pri­
marily analytic and computational­
with programs for the Hewlett-Packard 
HP-6 5-derives the very nature of a ge­
odesic dome quite convincingly as the 
limiting case of a more complex skin of 
simple tensegrities. Pugh aims at help­
ing the reader to stretch himself to the 
design of models all the way from desk­
top scale to man-sized masts and domes. 
as a path to understanding but without 
much analysis. 

The Kenner book is split into two 
parts. The first explains and derives the 
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mechanics of simple tensegrity figures 
from "a tent without a center pole" and 
relates them eventually to the rigid 
dome. The second is a geometry of the 
geodesic dome in high generality. going 
even beyond spheres. with plenty of cal­
culational aids. Its readers should know 
algebra and a little high school trigo­
nometry and feel at home with the key­
board of some pocket calculator. Either 
book will in its way open wide a new 
gate to a familiar. faintly mysterious 
part of the world of structure; they 
should attract student and hobbyist 
groups in droves. 

Anthony Pugh is a professional de­
signer but Hugh Kenner is a gifted ama­
teur. He is professor of English at Johns 
Hopkins. no mathematician or engineer 
at all. a living tribute to the unity of 
human wit and mind. 

THIRTEEN, by Remy Charlip and Jer­
ry Joyner. Parents' Magazine Press 

($ 5 . 50).  Thirteen pictorial spreads meet 
the reader's eye as he turns these pages. 
Each spread displays a big black num­
ber-in countdown order-and 1 3  glow­
ing miniature watercolors. some with 
captions. in bewildering variety and 
with no evident meaning. Then illumi­
nation strikes: each position in the 
spread holds a picture that is one of a 
sequence unfolding spread after spread 
its fascinating little narrative. Thirteen 
tales run side by side. from the galleon 
that sinks in a bottle sea to the surprising 
find of a plump and powerful Cinderel­
la. to a mysterious pyramid that is part 
of a hierarchical universe. to unfolding 
paper acrobats who balance on the point 
of a needle. to a day's weather. to . . . .  
These are for the most part transforma­
tions of meaning and scale. into and be­
yond space and time. each with a sur­
prising. often whimsical but indubitable 
logic of its own. Across the opening end­
paper falls a russet dead autumn leaf. 
On each pair of pages another plausible 
marvel happens to that leaf. and out of 
the closing endpapers floats a russet leaf 
butterfly. brilliantly alive. This book is 
beautiful. ingenious. puzzling. witty and 
without parallel for anyone who can sit 
still to consider what he sees. 

THE COMPLEAT COMPUTER, by Dennie 
L. van Tassel. Science Research As­

sociates. Inc. ( $ 5 . 9 5 ) .  Ten color repro­
ductions of covers of science-fiction 
magazines are included in this large­
paged floppy paperback anthology. 
With them are poems. computer graph­
ics. cartoon strips and 1 00-odd serious 
comments from technical and popular 
sources.  Altogether the book is an expe­
rience of acculturation; it leads the read­
er. young or old . into the subculture 
dominated by tape and keyboard. with 
both the boasts and the serious worries 
about what they will mean to us all. 
Here are the true classical pieces:  A. M. 
Turing's imitation game . Arthur C. 

Clarke's magnificent brief story The 
Nine Billion Names of God. and the 
touching passage on the lobotomy of the 
mad computer HAL. (If you haven't 
met him in the book. you have in 2001 .) 
There are the obligatory photographs of 
Pascal's calculator and Babbage's  en­
gine. and pieces from way back in the 
1 950's up to the great Cal Tech caper of 
1 9 75 . which flooded a McDonald's con­
test with a million computer-printed en­
tries and won most of the prizes. There 
are W. H. Auden and Norbert Wiener. 
There is a funny series of Doonesbury 
comic strips in which poor Mark. misled 
by a book of paper matches. fails to earn 
a summer's  living working at a PDP- 1 1 2  
terminal. a dourly honest man fallen 
among true believers. 

The pieces are staccato. and many are 
heavily cut. without any marks of eli­
sion. Otherwise the book is. as it says of 
itself. fun and beautiful; perhaps read­
ers from grade school up can find in it a 
first step to greater depth. One or two 
cartoons (among many) appeared taste­
less to these reviewers. 

GETTING STARTED IN PRINTS AND P AT­
TERNS, by Stanley Rice. The Bruce 

Publishing Company. Collier-Macmil­
lan Limited ($2. 95).  FANTASY & SYMME­
TRY: THE PERIODIC DRAWINGS OF M. C. 
ESCHER, by Caroline H.  MacGillavry. 
Harry N .  Abrams. Inc.. Publishers 
($ 1 5). These are two studies in plane 
pattern. each done by an artist. each 
pointing beyond art to the theory of 
groups. Rice is a printmaker and college 
art instructor who offers an account of 
methods. techniques. materials and ex­
amples for surface-pattern design. The 
instructions are simple and practical. 
mostly for printing with a rubber stamp 
or a potato. and the examples are engag­
ing. The entire work is suffused with 
such a lively sense of what repetitive 
pattern is. both in nature and in art. and 
big mathematical truths are so naturally 
invoked. so free from all notation or jar­
gon. that the book must be counted j ust 
as much introductory science as it is in­
troductory craft. The single page that 
shows a snowflake. a computer pattern 
on a cathode-ray tube. a printed circuit. 
a Mississippi meander. a chunk of fos­
siliferous rock and a rug at the Metro­
politan is worthy of any text on micro­
physics. The book will work for children 
from eight or so on up. 

The MacGillavry book. a reissue of a 
1 965 publication (which then bore a less 
attractive title). is a gloss by an Amster­
dam crystallographer on some 30 black­
and-white and a dozen color plates that 
present witty and enigmatic figure­
ground drawings by the famous Dutch 
artist. Professor MacGillavry takes 
each plane of mingled birds and fish or 
joined angels and devils and in a page or 
two points out key symmetry elements. 
probable unit ceIls. planes of symmetry. 
the glide lines and axes of rotation. In 
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this way she builds up the full plane 
symmetry of each pattern. with some 
broader color symmetry . She too is no 
artless pedagogue ; she cleverly gives 
only the main lines of the arguments. 
The reader is thus left with his own 
problems. which lead him to a deeper 
and self-testing understanding of the 
symmetries of the plane. The book is 
explicitly mathematical, all right; it has 
a glossary. but it uses the difficult nota­
tion of that field .  It is a natural treasure 
for mathematics libraries at the teenage 
level and beyond. and a temptation to 
anyone who enjoys the theory of groups. 

BIG AND LITTLE, by J.  P .  Miller. Ran­
dom House, Inc. ($2 . 5 0).  BIG ONES, 

LITTLE ONES, by Tana Hoban. Green­
willow Books. William Morrow & Com­
pany. Inc. ($ 5 . 9 5) .  MEASURING THINGS, 
by Iris Grender. Designed and illus­
trated by Geoffrey Butcher. Pinwheel 
Books, Knopf/ Pantheon ($ 1 .25) .  Three 
very different little books for the pre­
reader'center on the theme of size. Big 
and Little is a set of five heavy cardboard 
leaves bound between two more of the 
same. They have rounded corners and 
bear bright, strong pictures on a glossy 
paper surface ; the book will withstand 
determined efforts to eat it. We see a tall 
crane and a short duck, a fat bullfrog 
and a thin one. a few yellow chicks and 
many, a cat j umping over mice under a 
chair , and the like. The attention shifts 
more to language, to opposites. than the 
size theme of the title suggests. but the 
book is a well-done example of a time­
honored form. 

Big On es, Little Ones is a piece of 
black-and-white photographic natural­
ism. We find a polar bear and its cub, an 
elephant and its new offspring. a zebu 
and its calf, a pig and a piglet, a peahen 
and a peachick, and more, all clearly 
and evocatively photographed by this 
well-known artist of the camera. There 
are no words except for the labels on 
the final index page, which carries a 
thumbnail-sized version of each of the 
big full-page photographs. The images 
evoke not only size contrast but also 
nurturance. 

Measu ring Th ings is an English book 
of an interesting new series that offers at 
a low price a set of die-cut pages that can 
be punched out to make a number of 
stiff paper. games and toys. This one in­
cludes "twelve easy games to introduce 
children to weights and measures," a 
rather heavy description of light mat­
ters. One folded page covers up long in­
tertwined leashes to make it look as 
tho ugh each child is holding the nearest 
dog on a short leash. another shows a 
series of concentric colored rings that 
come out as a set of gauges for an arm or 
a drinking glass or simply as a size-sort­
ing game, a third is a set of clock dials 
without hands, with a drawing beside 
each of a child at breakfast, watching 
television and so on as clues to putting 

the hands in properly . The original 
publisher was called Three Four Five 
Publishing Ltd. which names the audi­
ence. These are agreeable booklets . 
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A book on master 
cabinetmaking by a 
master cabinetmaker 

F o r  Woodworkers. Ant ique Lovers. Decora­
tors. A u n i q u e  book on furn i ture and wood­
working c reated by Laszlo Katz. consu ltant 
to designers a n d  advisor to h i s  fe l l ow cabi ­
netmakers .  Covers the a rt f rom the age of 
f l int  too l s  with more than 350 lavish pho­
togra phs and d rawings.  I l l u m i nat ing text on 
ant ique treas u res,  a rt isa ns .  patrons .  h a n d  
tool s .  wood joi nts, fi n ish ing  a n d  methods o f  
working.  Ma kes a l a s t i n g  gift. 

Price $37 .50 plus a ppl icable tax. Check or Amer­
ica n Express nr .  & Ex p.  date. With author's signa· 
ture and dedication if desired. 

P. F. C. Woodworking Co. (S) 
52 5 West 26 St. NYC . 1 000 l 

Our 23 rd year of service to the World 's finest 
craftsmen and technicians. 

.- - - - - - - - - - - �  
Send a FREE copy of the Me F lasher 
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Vitam i n  C 
the Com mon Cold 
an d the F l u 

COMPUTE R  POWE R A N D  H U MAN R EASON 

From J udgment to Ca lculation 

Joseph Weizenbaum 
"A superb study of the place of the d ig ita l com puter i n  the tech no­

logical mega lomania of our society . . . .  A magisterial  crit ique of 

computer scie nce by one of the lead i ng members of the profess i o n . "  

-Theodore Roszak, i n  The Nation 

"Anyone who u ses computers is honor bound to become f a m i l iar with 

t h e  views expressed so wel l  i n  th is  book." 

-Data Processing Digest, Ma rch 1 97 6  

6 1 IS " x  9 1 14" , 300 pp.,  1 3  i l l us. ,  I S B N  0-7 1 67 -0464-1  hard cover, $9.95 

MAT H E MAT I CS 

A Human E nd eavor 
A Book for Those W ho Think ThrvOon't like the Subject 
Haro ld R .  Jacobs 

T here's never been a math boo k l i ke t h is !  

" I f  I were go i ng to teach mathematics, or learn i t ,  I 'd w a n t  th is boo k. 

I t 's u n u sua l l y  e nj oyable as we l l  as big and t h oroug h . "  

-Stewart B rand,  i n  The Last Whole Earth Ca ta log 

7 1 /4" x 1 0 ", 529 p p . ,  634 i l l us . ,  I S B N  0-7 1 67-047 1 -4 softcover, $ 1 0 .95 

A PR I M E R  O F  I N FANT D E V E LOPM E NT 

T_ G_ R .  Bower 

W ritten by a lea d i n g  resea rcher in ch i ld  development, this book is  a 

l ively acco u nt of development d u r i ng the c h i l d 's f i rst two y ears. I n  a 

h ig h ly readable, no ntech n ical sty le,  D r .  B ower revea ls the essentials of 

o u r  moder n understa nd i n g  of the i nfant's m otor, language, social ,  

perceptu a l ,  and cognitive development. He a l so d i scusses t h e  latest tech­

n iques being u sed in the study of i nfancy and the d iff icu lties faci ng 

ex per imenters. 

6 1  IS " x 9 1 /4",  I S B N  0-7 1 67-049S-6 softcover,  $4.95 ( tentative) 
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In 1 970, Linus Paul ing's 
Vitamin  C and the Common Cold 
changed the nutritional habits 
of m i l l ions.  
Now, Dr. Paul ing 
presents new findings 
that support his argu ments 
even more forceful ly 
than before : 
Vitam i n  C h as 
significant protective activity 
against many viral d iseases, 
includ i ng i nf luenza . 

. 

F I E  L D  P H OTOG RAPHY 

Begi n n i ng and Adva nced Techniques 

A lfred A. B laker,  R B P  

Professional  nature photogra pher A lfred B laker shares h i s  tricks o f  t h e  

trade w it h  amateu rs a n d  fel low professionals.  E a c h  copy of Field 

Photography comes with a separate 4S-page F ield S upplement, co n­

ta i n i ng excerpts of a l l  the charts, tables, form u las, a nd su pporting data 

t hat the photographer needs to take i n to the f i e l d .  

S "  x 9 1 /S", 451 pp.,  1 56 i I I us.,  I S B N  0-7 1 67-05 1 S- 4  hard cover , $ 1 9 .95 

C ROWD I N G  AND B E HAV I O R  

Jo natha n L .  F reed m a n  

W i n ner o f  t h e  1 9 76 N ational  Media Award , t h i s  book contends that 

high density l i v i ng is  n ot the cause of u rban problems. 

"The im porta n ce of t h is boo k is vast l y  out of proportion to its 1 77-

page lengt h .  I ca n not d o  more than h i nt at its r ich ness and u rge the 

reader to d ig i n . "-Joseph C h u rch,  The New York Times Book Review 

W i n ner of t h e  1 976 G ra nd Pr ix  of t h e  A merica n  Psychological  

Associat i o n .  

5 5 / S "  x S 3 /S " ,  1 7 7 pp.,  1 0  tables, I S B N  0-7 1 6 7 -0750-0 softcover, 

$4.50 

H E LP L ESSN ESS 

On Depression, Development, a nd Death 

Mart i n  E. P .  Sel igman 

Helplessness is a new theory of a n x iety and depress ion,  a theory based 

o n  a g row i ng body of evidence that these conditions grow out of a 

fee l i ng of he lp lessness, a n d  that th is  fee l i ng m ust be learned. 

"The·  ideas prese nted have provocative i m p l i cations about h ow we, as a 

societ y ,  ed u cate o u r  youth, assist d i sadva ntaged m i n orit ies, a nd care f or 

o u r  aging . . . .  Stro ngly recommended . "  

-Science Books, A Quarterly Review 

5 7 /S "  x 9", 250 pp.,  9 i l l us. ,  I S B N  0-7 1 67-075 1 -9 softcover, $4.95 
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DA RWI N I N  AM E R I CA 

The I ntel l ectual Response 1 865-1 91 2 
Cynth ia Eag le  R ussett 

T h i s  book s u rveys the i m pact of Darw i n ism o n  severa l i nt e l l ectual  d is­
c i p l i nes, co ncentra t i n g  on re l ig ion,  p h i l osophy,  a n d  social  thought.  

"Professor R ussett has  written a sa ne, learned,  a nd respons ib le  a ppraisal  
of com plex m e n  and i nt e l l ectu a l  eve nts." -History, A ug ust 1 976 

5 5/8 "  x 8 3 /8", 2 28 p p . ,  19 i l l us . ,  ISBN 0·7 1 67 -0563 -X softcover, $4.95 

W I N ES 

Their  Sensory E val uation 

Ma ynard A. Amer i n e  and Edwa rd B.  R oess l er 

Not j u st "w i n e  tast i n g " -This  is the co nno isse u r ' s  g u id e  to w i n e  eva l u a ­
t i o n ,  t h e  most a ut h o r itat ive book o n  t h e  su bject ever writte n !  

I t  describes h o w  t o  avoid t h e  comm o n  (and not-so-commo n )  errors 
i n  w i ne eva l ua t i o n .  I t  d eta i l s  how p ro fess i o n a l  wine j udges co n d u ct a 
j udg i ng sess i o n ,  i n c l u d i ng f u l l  deta i l s  of the sta t i st ical  proced ures that 
m ust be f o l l ow ed when consider i ng l a rge n u mbers of d ifferent w i n es. 

N o  other boo k conta i n s  as m uch t i m e·tested , pract i c a l ,  a nd profes· 
s i o n a l  advice. 

5 5/8"· x 8 3/8 " , 230 p p . ,  41 i l l u s . ,  30 tables, I S B N  0-7 1 6 7 -0553-2 

ha rd cover ,  $8 .95 

TH E B I O LOGY O F  H U M AN ACT I O N  
Vernon R eyno lds  

I n  The Biology of Human Action a n t h ropologist  R ey no l d s  demon­
strates that the aggressive com peti tive nature of contemporary i n d us­
trial society is not a b iologica l  fact of l ife,  but, i n  rea l i t y ,  co u nter to t h e  
physiological need s of h u m a n  society . 

5 7 /8" x 9 " ,  269 pp. ,  41 i l l  us . ,  I S B N  0-7 1 67-0494-3 softcover, $6 . 50 

At y o u r  boo kstore, or u se t h e  adjacent car d .  I f  not completely 
sat i sf ied,  ret u rn your order w i t h i n  1 5  days f o r  a f u l l  ref u n d .  

I f  c� rd is m iss i ng ,  s e n d  o rder w i t h  payment t o :  

LI N U S  PAULING 
1 9 4 8  P R E S I D E N T I A L  M E D A L  F O R  M E R I T  

1 9 5 4  N O B E L  P R I Z E  I N  C H E M I S T R Y  

1 9 6 2  N O B E L  P E A C E  P R I Z E  

1 9 7 5  N AT I O N A L  M E D A L  O F  S C I E N C E  

R eg u l a r  use o f  v i ta m i n  C m a y  not o n l y  

preve n t  the co m mo n  co l d ,  b u t  a l so protect 

aga i nst i n f l u e n z a .  M o reover,  for most peo p l e ,  
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