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Somebody has to provide 
the technology so the 
problems get solved 

Problem: A developing nation 
needs a modern, 
national communi
cations system. 

Solution: Fly a balloon. 

We've just tested our first TCOM 
(Tethered Communications) station 
over the Bahamas. TCOM is an 
aerodynamic all-weather balloon 
connected to a ground station. It's 
also a unique communications/ 
television relay system that can be 
installed in months at a fraction of 
the cost of coaxial cable installa
tions or a synchronous satellite 
system. One balloon covers at least 

125,000 sq. km. That means Liberia 
or Honduras. 
Two would serve Ecuador or 
Senegal. In addition to radio and 
telephone service, TCOM can pro
vide color TV, telephoto, and digital 
data transmission channels. Maybe 
better communications will clear up 
some of the world's misunderstand
ings. We've bet a lot of our own 
money on it. 
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Problem: The high cost of 
avionics. 

Solution: Low-cost WX system. 

Westinghouse has developed a fam
ily of modular airborne radars that 
can reduce total cost (both purchase 
and maintenance) by as much as 
four to one. For example, initial cost 
of our centerline design (WX 200) is 
$200K instead of the $600K of equiv
alent current models, plus it will 
deliver 100 hours MTBF (mean time 
between failures). It weighs 350 
pounds instead of 700 and will fit 
most military aircraft instead of just 
one. So far, there's a substantial 
amount of our own money in this 
designed-to-cost product. 

Problem: The environmental 
problem. 

Solution: Apply industrial 
know-how. 

Should Americans apply the proved, 
multi-disciplinary research methods 
of industry to the environment? We 
think so, and have announced plans 
for a multimillion-dollar Environmen
tal Center that will be next door to 
our Ocean Research Center on 
Chesapeake Bay. The combined 
operation will comprise an impres
sive collection of scientists and 
engineers zeroing in full time on 
everything from agriculture to oil 
production, from water and sewage 
to power generation and the fish 
industry. Maybe not tomorrow, but 
there are solutions. 

You can be sure if it's Westinghouse. 
For our new brochure, write 
W. R. Smanko, Marketing Manager, 
Defense & Public Systems, 
Westinghouse Electric Corporation, 
Pittsburgh, Pa. 15222. 

w Westingi10use 
helps make it happen 
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Medical history is replete with controversy, so 
that it is refreshing to find Dr. Alexander R. Lucas 
reviewing with intelligence and detachment this 
book by the internationally known medical doctor, 
Dr. David R. Hawkins and that distinguished Lau
reate Professor Linus Pauling who has twice won 
the Nobel Prize. It is especially useful that Dr. 
Lucas emphasizes that Dr. Hawkins has used his 
treatment within a clearly defined medical setting, 
in which the patient is seen as a potentially respon
sible human being assailed by a tragic, but treat
able illness. 

do a valuable service to all of us. We know enough 
about medical history now to recognize that dis
agreement, sometimes of the most vigorous kind, 
has little or nothing to- do with the merits or de
merits of a particular theory or treatment. The 
protagonists in this kind of medical drama have, as 
Thomas S. Kuhn of Princeton has noted of science 
generally, no alternative but to assume adversary 
postures, for such are the rules of the game. 

This is timely; for when a novel or unfamiliar 
approach to old and dreaded illnesses is being 
weighed by medicine, those who explore both its 
weaknesses and strengths and discuss them coolly 

It would thus be a disservice to the tens of thou
sands of patients for doctors to dismiss this distin
guished encyclopedic contribution without making 
their own assessment of its possible value in their 
practice. (Orthomolecular Psychiatry) Pub. by W. 
H. Freeman Co., San Francisco, Cal. 

A. N. Spanel FOUNDER, INTERNATIONAL PLAYTEX CORPORATION 

An Evaluation in The 

MAYO CLINIC 
In "Science," during 1968, Paul

ing published a paper entitled "Or
thomolecular Psychiatry." This 
paper engendered considerable in
terest among biologically oriented 
psychiatrists. It has been reprinted 
as the initial chapter in this book, 
which integrates the theoretical 
concepts promulgated by Pauling 
with the megavitamin treatment 
of schizophrenia initiated by Hof
ler and Osmond in 1952. These 
concepts have caused much skepti
cal and antagonistic reaction among 
traditional medical practitioners, 
while stimulating publicity and an 
ever-increasing enthusiasm among 
lay groups. Some physicians have 
even relegated this treatment to the 
realm of quackery. This book not 
only deserves but demands to be 
read by anyone who in the future 
proposes to pass judgment on the 
concepts expounded. 

The term "orthomolecular psy
chiatry" was coined by Pauling to 
designate a form of treatment that 
will provide the brain with the op
timum concentrations of substances 
normally present in the human 
body-in short, the right molecules 
in the right amount. This concept, 
which may at first seem foreign 
to psychiatrists dealing with in
terpersonal processes, is a funda
mental one - a desirable state, 
the attainment of which no one 
can dispute. Underlying all men
tal processes and behavioral 
actions are neurophysiologic 

Proceedings 
by Alexander R. Lucas, M.D. 

events determined by the chemi
cal environment of the brain. 
That this concept has practical 
validity for psychiatry has al
ready been proven in such condi
tions as pellagra and phenylke
tonuria, where it has been estab
lished that appropriate concen
trations of vitamin 81 and phenyl
alanine are necessary to prevent 
t h e  m o s t  p r o f o u n d  m e n t a l  
changes. Pauling has crossed in
terdisciplinary boundaries in 
applying the methods and dis
coveries of molecular biochem
istry to clinical psychiatry; spe
cialists should heed the ideas of 
brilliant thinkers from other 
fields, which often can illuminate 
new vistas in fresh perspective. 

The book includes chapters by 
more than two dozen contributors. 
It is organized into four sections 
dealing with theoretical concepts, 
clinical diagnosis of schizophrenia, 
treatment, and practical clinical ap
proaches. The last section, written 
by Hawkins, is an admirably inte
grated overview of theory, diag
nosis, and treatment based on 
the approaches used at the North 
Nassau Mental Health Center in 
Manhasset, New York. Hawkins' 
concepts, far from being fadism 
or quackery, seem scientifically 
based and truly eclectic, using not 
only megavitamins but also what 
is best of the traditional treat
ments. The idea promulgated by 
Hawkins and Pauling of obtain-

ing a chemical profile of each 
patient is a rational approach to 
treatment, and one that I believe 
will come more and more into 
general use. 

My chief criticisms have to do 
with the imprecise and inconsistent 
use of t h e  term schizophrenia 
throughout the book, and with some 
unwarranted statements about re
sults of treatment. In places, "schizo
phrenia" is used too generally to 
imply severe psychotic illness, while 
in others it refers to relatively mild 
conditions involving sensory mis
perception. Megavitamin treatment 
seems to be advocated indiscrimin
ately for all of these conditions and 
for others, such as alcoholism. Valid
ity of diagnosis thus becomes diffi
cult to evaluate, as do treatment 
results. Mild conditions and acute 
psychotic episodes often remit spon
taneously regardless of treatment, 
or despite treatment. 

In this book the reader will find 
the best and most comprehensive 
compilation on the subject. As an 
unexpected bonus there are au
thoritative reviews of the current 
status of biochemical and genetic 
knowledge of schizophrenia. The 
book should be read, the ideas 
critically assessed, and the treat
ment recommendations put to sci
entific scrutiny rather than being 
discarded offhand. I suspect it will 
maintain a permanent place in 
the long history of the search for 
a cure of mental illness. 

Presented as a Public Service by A. N. SPANEL, 888 Seventh Ave., New York, N.Y.l0019 
"YOU AND EVERY MAN IN BUSINESS ARE TRUSTEES OF THIS NATION AND THE WORLD"® 
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Why the thin 
one is best for 

eyeglass 
wearers. 

Compact, lightweight Leitz 
Trinovid®binoculars provide 

full-field viewing with no 
need to remove your glasses. 

Trinovid's exit pupil (the point 
where the I ight rays converge) is 
further than usual from the eyepiece . 
Rubber eyecups compensate for 
differences in eye-relief factor: with 
glasses (left) eyecups are folded 
back; without glasses (right) they are 
extended. In both cases the same 
large exit pupil is produced. 

Each hand-assembled unit is 
perfectly aligned to prevent eye
strain. Their superb Leitz optics are 
color-corrected and anti-reflection 
coated. The "roof prism" design and 
internal focusing make it possible 
to seal and protect all elements in 
an extremely thin but unusually 
sturdy unit. 

Trinovids are about twice as 
expensive as conventional glasses. 
But they are the only binoculars 
that offer the original owner a 
lifetime guarantee. (In case of a 
defect return the unit postpaid and 
Leitz will either repair or replace it 
at our option.) 

And if you consider binoculars 
as an extension of your own precious 
optical system, buying less than the 
best is an unwise economy. 

For a brochure write E. Leitz, 
Inc., Rockleigh, New Jersey 07646. 

Leitz 
The only binoculars with a lifetime 

guarantee. 

THE COVER 

The design on the cover is based on a Chinese charm that displays the eight 
trigrams of the I Ching surrounding the t'ai chi t'u, the ancient Chinese 
symbol of yin and yang (see "Mathematical Games," page 108) . This tradi
tional arrangement, attributed to Fu Hsi, the legendary founder of China's 
first dynasty, places the trigrams so that opposite pairs are complementary 
both in a mathematical sense and in their symbolic meanings. The Ch'ien 
trigram at the top stands for heaven and father. Opposite it at the bottom is 
K'un, which symbolizes earth and mother. Similarly Tui (lake, youngest 
daughter) opposes Ken (mountain, youngest son), Sun (wind, eldest daugh
ter) opposes Chen (thunder, eldest son), and Li (sun, middle daughter) op
poses K'an (moon, middle son). If the trigrams are intelpreted as binary 
numerals, the four trigrams starting at the top and moving down the left 
represent in sequence the numbers 0, 1, 2, 3. The four starting at the bot
tom and moving up the right represent in sequence the numbers 7, 6, 5, 4. 
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As your introduction to membership in the BOOK-OF-THE-MONTH CLUB� 

The 1110st cOl11plete 
scholarly dictionary 
of the English 
language 

for only $15::::t7s 
THE SUGGESTED TRIAL: You simply agree to buy four 
Club choices within a year at special members' prices 

T
HE OXFORD ENGLISH DICTIONARY is generally 
regarded as the final arbiter of the meaning, 

origin, history and usage of words in the English 
language. Until now, it has been available only as 
a thirteen-volume set, priced at $350. Now, 
through the combination of an ingenious method 
of micrographic reproduction and a fine Bausch & 
Lomb optical lens, every single one of its 16,569 
pages, fifty million words and close to two million 
illustrative quotations appears, in easily readable 
form, in the two volumes of The Compact Edition. 

The New York Times book critic Christopher 
Lehmann-Haupt has said of this edition: "It is 
something of a miracle. . . . The Compact 
Edition is easier to work with than the original 
with its 13 separate volumes ... . Even at $75, 
the set is an extraordinary bargain." 

Even more extraordinary, as a trial member of the 
Book-of-the-Month Club you may obtain The 
Compact Edition of Ihe Oxford English Dictionary 
for only $15. And as long as you remain a mem
ber, you will receive the Book·of-the-Month Club 
NelVs, a literary magazine announcing the coming 
Selection and describing other important books, 
most of which are available at substantial dis
cOllnts - up to 40% on more expensive volumes. 
All of these books are identical to the publishers' 
editions in content, format, size and quality. 

If you comillue after this experimental member
ship , you will earn, for every Club Selection or 
A Ilemale you buy, at least one Book-Dividend 
Credit. Each Credit, upon payment of a nominal 
sum, often only $1.50 - somewhat more for unusu
ally expensive volumes or sets - will entitle you to 
a Book-Dividend® which YOll may choose from 
over 100 fine library volumes available over the 
year. This unique library· building system enables 
members to save 70% or more of what they would 
otherwise have to pay. 

CONVENIENCES OF MEMBERSHIP 

• You will receive the Book·of-the-Month Club 
News, a literary magazine published by the 
Club fifteen times a year. The News describes 
the coming Selection and scores of Alternates, 
and will be sent to YOll approximately every 
three and a half weeks. 

• If you wish to purchase the Selection, do 
nothing and it will be shipped to you automati
cally. 
• If you do not want the Selection - or you 
would like one of the Alternates, or no book at 
all - simply indicate your decision on the reply 
form always enclosed with the News and mail it 
so we receive it by the date specified. 

• If, because of late mail delivery of the News, 
you should receive a Selection without having 
had 10 days to decide whether you want it, that 
SelectIOn may be returned at Club expense. 

Book·of·the·Month ClUb, Inc. 
2BO Park Ave., New York, N.Y. 10017 
Please enroll me as a member of the Book
of-tile-Month Club and send me The Com
pact Edition oj lhe Oxford English Diction
ary, billing me $15. I agree to buy at least 
four Selections or Alternates during the first 
year] am a member, paying in most cases 
special members' prices. My membership is 
cancelable any time after I buy these four 
books. A shipping charge is added to all 
shipments. 

FEATURES 

• Boxed set of two vol urnes, 
9'.4" x 13!12" each 

• All 16,569 pages of 13-vol
ume original included in the 
4,134 pages of The Compact 
Editioll through a photo-reo 
duct ion process which per
mits printing of four pages 
of original on one page of 
new edition 

• Paper is 30·pound Special 
Dictionary White 

• Binding is library buckram 
- re info rced and g o l d 
stamped 

• Bausch & Lomb magnify
ing glass included in special 
drawer of slipcase. 2" x 3%" 
lens scientifically designed 
to make reduced print easily 
readable 
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Doesn't aIWl?ody in 

the computer business 
speak English? 

The computer business has created its own 
language. 

"Computerese�' 
It helps computer people communicate with 

each other about computers. But it doesn't help 
them communicate with other people. 

We want to make computers easier for you 
to understand. 

Because the difference between the right 
and wrong way of using them can mean a lot to the 
profitability of your company. 

So were going to dispense with computerese 
and talk a language businessmen can understand. 

6 
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Like$$$$$$. 
Our computers cost a lot less. Often 50% 

less than the big, complicated computers most 
• • 

companIes are USIng now. 
And the way they solve problems is simpler. 

More reliable. Easier to work with. 
Simple? Reliable? Inexpensive? 
What kind of computer company would dare 

utter such strange things? 
Data General. 
The world's fastest growing maker of small 

computers. 
You probably haven't heard of us before. 

But you're going to be hearing from us again. 
A lot of what you hear will be hard to believe. 
But it won't be hard to understand. 

DataGeneral 
The computer company you can understand . 

• �Oata General Corporation Southboro. Massachusetts 01772. (617) 485-9100. 

Datagen of Canada Ltd .• Hull. Quebec (819) 7 70-2030/0ata General Europe. Paris. France 504-23-44 
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LETTERS 
Sirs: 

It is a delight to read Leon D. Har
mon's article ["The Recognition of 
Faces," SCIENTIFIC AMERICAN, Novem
ber, 1973], which inverts our own ex
perience. For the feature film Westworld 
we fed motion-picture images into a 
computer scanning-playback device to 
produce block images with reduced in
formation. We were faced with precise
ly the same problems of perception Dr. 
Harmon set out to study. In our case we 
needed the audience to read the images 
within the allotted screen time. 

We could control block size, color and 
contrast, but we had to allow for an 
enormous range of audience distance 
from the screen. The final film contains 
14 separate computer sequences totaling 
more than two and a half minutes. In 
many cases our decisions were based on 
considerations specific to moving im
ages. For example, we felt safer with 
larger block size when there was cross-
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screen action, since any lateral move
ment was much more readable. 

The technical work was done at In
formation International, Inc., in Los An
geles, under the supervision of John 
Whitney, Jr. Technical details are dis
cussed in the November 1973 issue of 
The American Cinematographer. 

MICHAEL CRICHTON 

Culver City, Calif. 

Sirs: 
In the otherwise excellent article 

"High-Efficiency Photosynthesis," by 
Olle Bjorkman and Joseph Berry [SCIEN
TIFIC AMERICAN, October, 1973], two 
seriously misleading points are made in 
their "punch line" to support the the
sis that C4 plants should be selected 
for arid-lands agricultural productivity 
where heat and plant water stress are 
common: (1) They state that agricultural 
crops have been selected and bred for 
highest yield under optimal conditions. 
(2) They also state that maximizing ab
solute growth rate results in decreased 
water-use efficiency. 

These two claims lead the reader to 
believe they are common generaliza
tions. The opposite is more likely true. 
That is, most crops are bred and selected 
under the stresses encountered for a 
speCified management in a given envi
ronment. Most often the most efficient 
use of water for maximizing crop yield 
results from supplying adequate water, 
so that there is no deficiency. 

We would all agree that we should 
manage our lands and the environment 
as wisely as possible, but one can argue 
strongly that with increasing constraints 
on energy use, water use and environ
mental pollution the wisest use of our re
sources for growing food and fiber will 
be under the best possible management 
and environment, with the least acreage 
requirement. 

Cornell University 
Ithaca, N.Y. 

Sirs: 

E. R. LEMON 

In his last paragraph Professor Lemon 
raises a fundamental philosophical point. 
What is the wisest allocation of our lim
ited resources to agriculture? He argues 
for increasing the intensity of land use. 
We agree that the best use should be 
made of the land we now cultivate, but 
we also feel that increasing population 
will force us to increase the land area 
cultivated. This seems to require culti-

vat ion of land in the future that is now 
for one reason or another marginal or 
unsuitable for cultivation. 

Our comments were made with the 
assumption that increasing the water
use efficiency of a crop plant could ex
tend its profitable cultivation into re
gions where the quantity or cost of 
available water makes cultivation mar
ginal with current varieties. It seems to 
us that varieties intended for such mar
ginal conditions should be selected by 
criteria different from those used to se
lect varieties intended for intensive cul
tivation. This is the intent of the first 
point to which Professor Lemon takes 
exception. We did not mean to belittle 
current plant-breeding objectives and 
approaches. 

With respect to the second point, our 
intention was to suggest that because 
there is an antagonism between maxi
mum photosynthetic rate and maximum 
water-use efficiency for any given plant, 
selection for either may exclude the oth
er. We did not intend to imply that sup
plying a given plant with inadequate 
water would lead to greater water-use 
efficiency for growth. Once the supply of 
water is depleted any plant will experi
ence water stress and growth will cease, 
perhaps resulting in crop failure. If and 
when such water stress develops de
pends on the amount of water originally 
available and the rate at which the crop 
uses it. Plants do differ in the rate and 
more important in the efficiency with 
which they utilize water. All else being 
equal, a crop plant with high water-use 
efficiency would obviously yield more 
growth for a given limited quantity of 
water than a plant with low water-use 
efficiency. 

OLLE BJORKl\[AN 

JOSEPH A. BERRY 

Department of Plant Biology 
Carnegie Institution of Washington 
Stanford, Calif. 

ADDENDUM 

F. W. Goro's color photomicro
graphs on page 30 of the Novem
ber issue, showing optical fibers 
in cross section, were made with 
a transmitted-light Mach-Zehnder 
interference microscope in collab
oration with the Laboratory for 
Applied Microscopy of E. Leitz, 
Inc. 
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lOOfo/4., Have your Japanese/English l ffi business cards waiting for you at your hotel in Japan. 
If there's one thing you need in Japan, it's a supply 
of personalized business cards. 

They're an absolute must, and exchanging them 
with your hosts is one of the pleasant formalities 
of doing business there. 

As a special service for our passengers, Japan 
Air Lines will print cards for you like the one above 
-Japanese on one side, English on the other. They 
come on authentic Japanese stock with a traditional 
brocade holder. 

Just let us know two weeks before your 
departure so we can have your cards ready and 
waiting for you in Japan. 

Order today. Simply fill out the coupon below 
and JAL will make sure your cards are ready and 
waiting for you in Japan. A nice idea, isn't it? 

Fly to the Orient with 
the airline that 
wasborn 
in the Orient. 

JAPAN AIR LlNEB 

�--------------------------
I Japan Air Lines, P.O. Box 1160, New York, New York 10019 

Att: Executive Service Department 
I Japanese/English business cards (Allow 2 full weeks for processing.) 
I 0 I am going toJapan and will need hundred 

English/Japanese business cards. Attached is my present business card 
for the informat ion you will need. Enclosed is $ ($4 for 100 cards.) 
The phonetic spelling of my name is _______________________ _ 

My departure dale IS and the airline and 
flight number are .1 will pick up 
my cards on (date) at theJAL counter 
at the following Tokyo, Osaka or Kyoto location: (check one). 
TOKYO: D JAL Downtown Passenger Service Center 
D Imperial Hotel D Tokyo Hilton Hotel 0 Palace Hotel 
D Hote

'
l New Japan D Hotel Okura 0 Hotel New Otani 

D Akasaka Tokyu Hotel D Hotel Keio Plaza 0 Pacific Hotel 
o Tokyo Prince Hotel D Grand Palace Hotel 0 Ginza Daiichi Hotel 
OSAKA: D JAL Downtown Passenger Service Center 
D Osaka Royal Hotel D Plaza Hotel 
KYOTO: D Downtown Passenger Service Center 
D Kyoto Grand Hotel 0 Kyoto International Hotel 0 Miyako Hotel 

GuideBooks 

o I enclose $1. Please send me both the Businessman's Guide to Japan 
and the After Hours Guide to Japan. 
(Please print below or attach your business card to coupon.) 

Name ______________________________________________ __ 

Company ___________________________________________ __ 

Address __________________ Tel. ______________ _ 

City _____________ --.JState ______________ Zip _____ __ 

My travel agent is SG-0174 
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MONSANTO REPORT NO. 3 ON CURRENT TECHNOLOGY 

Filters for the unfilterable. The 
time is not too far distant when 
membrane separation processes 

will be sufficiently standardized to be 
plugged in as a "unit operation" in 
computer simulations of processes. 
And hollow fibers may make it so. 

According to Monsanto researchers' 
over-view - hollow fibers can do most 
everything Hat membranes can do, but 
much better. The reasons are obvious 
indeed: the tubular geometry of 
hollow fibers, ipso facto, does away 
with the need for Hat membrane sup
port. The mini-tubes can withstand 
high pressures without collapse. 
(Monsanto's high pressure fibers for 

seawater desalting, for example, can 
take 1,800 psi.) And hollow fibers 
afford an exponentially greater mem
brane area for various kinds of per
meations than is feasible with Hat 
membranes. With the ratio of active 
membrane surface much, much higher 
per unit volume of pressure vessel, 
various kinds of super-filters can be 
more practically-sized. And last, the 
inherent efficiency of a continuous 
fiber spinning process generates "mem
branes" at a lower cost per square 
foot of active area. This means the 
most critical component of the super
filter costs less, promising a lower 
capital cost for the next generation of 
separation devices. 

Sadly, however, membranes in 
mini-tube form have set up some 
hurdles of their own in the path of 
commercial development. The cylin
drical form and the new nature of 
spun membrane walls have knocked 
out a considerable chunk of solid 
physical chemistry based on Hat mem-
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Hollow fibers: 
waiting in the wings 

for new roles 
in membrane 

branes. Some highly specializcd kinds 
of separations (such as petroleum 
fractions through non-polar polyethyl
ene membranes) may have to enter 
a brand new ball game when trialed 
through the same polymer in hollow 
fiber form. IF such specialized polymer 
membranes can be produced in hollow 
fiber form. 

In short, hollow fibers are here, but 
only a still-limited number of types. 
Except for reverse osmosis applica
tions, there are very few indeed 
"off-the-shelf" hollow fibers for uses 
such as gas diffusion separations, spe
cific dialyses, and ultra filtrations. The 
reason could be communications. The 
researchers who know a lot about 
hollow fibers, how to make them and 
condition them to behave as needed 
are not the same researchers who are 
seeking better ways to separate xylene 
isomers, antigens, or amino acids. Such 
getting together might be the Square 
One start to enable hollow fiber sep
arations to burgeon out and become 
as standardized as distillation columns. 
The field of applications is vast and 
the physical chemistry art of mini
tube separations is only well-begun. 

Reduced to essentials, the variables 
for membrane separations that inves
tigators must deal with are finite: 
molecular size of filtrate, media of 
exchange, transport driving force, 
morphology of the membrane wall 
(permeation, permeability, selectivity, 
steric & polar factors) - and the wall's 
mechanical and chemical character-

• 

separatlons. 

istics. The last two variables are the 
provenance of the hollow fiber builder, 
but the specific job of separation 
establishes the parameters for the 
other variables. Not even a neophyte 
in the field will dispute the vast differ
ences in such problems as diffusion 
separation of a rare atmospheric gas 
from air, stripping uric acid from a 
blood stream, separating hydrocarbon 
fractions, or straining out of solutions 
a specific antigen, hormone, enzyme 
or antibiotic. But when all the home
work is done, the engineer can design 
the separation module. 

Define the Job 
Monsanto researchers are convinced 

that much can be done - when "needs" 
are defined, when performance pa
rameters are set. Experience to date 
with reverse osmosis applications sup
ports the belief. 

The Office Of Saline Water retained 
Monsanto researchers to develop a 
high performance asymmetric hollow 
fiber system. That was in 1968. The 
problem was not easy, but with 
enough cut and try Monsanto de
veloped a unique dry jet-wet spinning 
process. It produces a cellulose acetate 
hollow fiber with a readily permeable 
solute-rejecting outer skin and a highly 
porous inner wall. By subsequent an
nealing, the membrane wall can be 
radically "tailored" for handling var
ious concentration levels of feed, to 
accomodate a wide range of liquid 
Hux rates, and to withstand pressures 
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up to 1000 psi. And, essential to the 
purpose of water conditioning and 
waste water recovery - the membrane 
wall can be made differentially-selec
tive among mono-, di-, and trivalent 
ions in their various salt forms. The 
art of "conditioning" the fiber extends 
to optimizing the flux/selectivity trade
off - nature's rebellion against revers
ing osmotic flow. 

The membrane separation "need" 
for reverse osmosis de-salting could 
hardly have been defined more clearly 
or exactly. And the rapid progress in 
desalination technology is an example 
of how "answers" follow needs . . . 
specifically defined and made known. 
Today, some fifty Monsanto-built units 
have been placed in field operation 
with various feeds. These range in 
size from 50 to 20,000 gal./day. Three 
nominally 100 gal./day OSW field test 
modules at Webster, S.D., have been 
in continuous operation for 40 months, 
delivering desalted water from 95-98% 
rejection of the mixed brine feed, with 
minimal maintenance. 

Once in the swim (staff members 
prefer, throes) of a membrane sep
aration problem, the way is opened 
for gleaning much valuable ancilliary 
information. As a basis for designing 
modules, Monsanto researchers made 
detailed analyses of hydraulic flow 
and stress distribution in hollow fibers. 
The results proved invaluable for 
engineering reverse osmosis modules 
for particular applications. In assessing 
pressure capability, the three causes 
for on-stream mechanical failure of 
hollow fibers were isolated as: elastic 

failure, catastrophic plastic collapse, 

� FEED 
PRODUCT 
REJECT 

(\1) 

and progressive yield or compaction. 
The critical mode for each was found 
to be a relationship between inside 
and outside diameter and the mechan
ical properties (elastic modulus, yield 
stress) of the membrane wall. As a 
result, Monsanto's manipulation of the 
cellulose acetate polymer and subse
quent conditioning can give the fibers 
(and the modules) a valuable design 

tool: predictable performance. 

Design the Unit 
In membrane separations, engineer

ing the modules must be the penulti
mate step. In the course of Monsanto's 
reverse osmosis studies for water 
purification, for example, it became 
apparent that modules could be sub
stantially "optimized" for particular 
performance requirements by the 
"architecture" of the modules. Beyond 
porosity, selectivity, and mechanical 
strength of the hollow fibers - operat
ing pressure, temperature, ion mix of 
the feed, packing density, and arrange
ment of the fiber bundle, all must be 
correlated. In short, "what the unit 
is supposed to do with what" sets up 
the final engineering challenge. 

Monsanto has investigated and 
tested four different packing designs: 
double seal, parallel straight packing; 
single seal, looped; double-seal, radial 
flow; and woven fabric in a roll pack. 
The last proved to be a breakthrough 
in treatment of secondary waste water; 
reasonably spaced detergent cleaning 
greatly reduces fouling from oily slime 
and elusive organic contaminants that 
build up to impede the flux. 

At this point in time for the pur
pose of water purification, Monsanto 

Schematic of basic hollow fiber module designs: Feed (pink), product (white), and 
reject (red) flows are indicated with optional combinations indicated by numbers. 

has developed three genera of hollow 
fibers: 

Low pressure fibers that will make 
separations at 100 psi pressure. These 
have a high specificity for calcium 
and magnesium chlorides, sulfates, 
phosphates. They were developed for 
modules to purify low salinity hard 
feeds without the need for in-line 
auxiliary pumps. 

Medium pressure fibers, operable at 
250-350 psi, for desalting brackish 
ground waters and mixed brine feeds. 

High pressure fibers, operable up to 
1800 psi, i.e. required for one-pass 
desalting of sea water. 

Quite a bundle of knowledge about 
aqueous separations has been accumu
lated. 

Beyond water purification, the 
know-how has begun to take root as 
a means of nickel and silver recovery 
in the metal plating industry and in 
pollution abatement measures. Yet 
the tap root membranes in fiber form 
did not exist five years ago. 

Hollow fiber membrane separations 
- for isolating, concentrating, purify
ing, stripping or fractionating - are in 
early gestation. Sophisticated process
ing requirements, specialized needs, 
and high energy costs will foster new 
applications and stimulate growth. 
Water purification is well launched. 
The unique values of membrane sep
arations have been demonstrated by 
successful stripping a wa y excess citric 
acid from processed orange juice, by 
separating protein from whey, and in 
sophisticated dialyses in biochemistry 
and medicine. But the road ahead is 
longer by far. 

Monsanto welcomes your interest in 
feasibility studies relating to mem
brane separations. For further infor
mation, request a copy of: Hollow 
Fibers - Characteristics, Uses, Poten
tial. 

Address: 
Dr. R. C. Schwartz 
Monsanto Research Corporation 
Station B, Box 8 
Dayton, Ohio 45407 
Tel.: (513) 268-3411 

tHMonsanto e sCience company. 
II 

© 1973 SCIENTIFIC AMERICAN, INC



50 AND 100 
YEARS AGO 

JANUARY, 1924: "Pollution of coast
al waters by petroleum oils can eventual
ly be eliminated through the cooperation 
of the parties concerned, according to 
preliminary findings of a committee of 
representatives of the Bureau of Mines, 
the American Petroleum Institute and 
the American Steamship Owners' Asso
ciation. The committee found pollution 
by oil to be present in some degree at 
most of the 35 places visited on the At
lantic and Gulf coasts. In the absence of 
oil-water separating apparatus aboard 
ship the use of barges for collecting oil
contaminated water and oily refuse of
fers the most immediately available 
means for coping with the situation after 
the vessel has arrived in port." 

"In order to subject the moving-plat
form method of transportation to a full
size operative test Mr. H. S. Putnam has 
recently constructed a complete plat
form in Jersey City, N.J. The distin
guishing characteristic of the electric 
system is the method used to propel the 
car. Instead of mounting a complete 
motor on the car and transmitting me
chanical power therefrom to the wheels, 
the elements of a three-phase induction 
motor are separated, the part corre
sponding to the stationary element of the 
motor being straightened out and placed 
at intervals in the roadbed between the 
rails, whereas the part corresponding to 
the revolving element is spread out and 
mounted on the bottom of the car. The 
speed of the moving platform approxi
mates nine miles per hour." 

"The new 'balloon' tire that has just 
appeared on the market permits the use 
of pressures something less than half of 
those in common use today. It is made 
up specially with thin side walls that are 
not injured by the 1,000,flexions per mile 
of travel that the side walls receive. The 
work of perfecting the balloon tire was 
started in 1916, but the World War pre
vented much being done with the idea 
until 1920. Success came in 1922, and 
the new tires are now on the market. 
The sensation produced by riding on a 
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car cquippcd with the ncw tires is that 
of floating along almost wholly in a 
horizontal plane. It is 'riding on mush.' " 

"The English Channel tunnel projcet 
is kept alive by its promoters, although 
the British government persists in re
fusing to grant the necessary authority. 
The material to be encountered for the 
entire distance is very favorable, being 
a dcep bed of chalk infiltrated with clay. 
\Vith the boring machine designed for 
this work a heading 12 fect in diameter 
can bc driven at the rate of 120 feet per 
day, and two machincs started at oppo
site ends should mcet in less than three 
years. It is proposed to complete this 
pilot tunnel and then to enlarge it to full 
section, so that the time for thc comple
tion of the concrete-lined tunnel is esti
mated at 4)j years. \Vith present prices 
the cost is estimated at $145,000,000." 

JANUARY, 1874: "Comet IV of 1874, 
discovered on the 23d of August by �L 
Prosper Henry at the Paris Observatory, 
presents some remarkable peculiarities. 
Its rapid changes of form, sudden elon
gation of tail and its brilliancy, which 
became so great as to render it visible to 
the naked eye for some time prior to its 
passage to its perihelion, are considered 
to be phenomena that may throw light 
on our hitherto indefinite knowledge re
garding the constitution of comcts. On 
the day of its discovery the body ap
pcared in the telescope as a sphcrical 
nebulous mass, strongly condensed at 
the center and exhibiting no traces of a 
tail. There was little change until August 
26, whcn a tail began to appear. On 
September 2 the tail had grown to two 
degrccs and continued elongating. The 
nucleus remained nearly constant in size, 
although its brilliancy augmented until, 
on Septembcr 10, it became comparable 
to a star of the fourth magnitude. The 
spectrum of the comet is found to be 
composed of three brilliant and very dis
tinct bands. The first is in the yellow 
portion, the seeond in the green and the 
third in the blue. There was no trace of 
a continuous spectrum in the intervals 
betwecn thesc lines." 

"Hitherto almost the only guide for in
terpreting the hieroglyphics with which 
the monuments of Egypt are covered has 
been the Rosctta stone, brought to En
gland by thc British army after the cx
pedition of 1801 and now in the British 

Museum. But this is in every way in
ferior to the stone of Canopus. Half of 
the lines it contains are incomplete and 
of the remaining lines many are defaced 
or illegible, whereas the stone of Cano
pus is almost as perfect as on the day it 
left the sculptor's hand. It was acci
dentally discovered about five years ago 
when a wall of a temple fell and exposed 
the corner of a stone covered with Greek 
characters. In this state the inscription 
remained for some time; at length its 
value was perceived and it was removed 
to the Viceroy's museum. It is about 
seven feet high and bears three inscrip
tions, in hieroglyphic, in Greek and in 
the Hieratic (or Egyptian) characters. It 
is a copy of a decree made in the ninlh 
year of the reign of Ptolemy III by the 
priests of Egypt. After setting forth the 
merits of their rulers and proclaiming 
extraordinary honors to be offered to 
them, the priests ordain that a general 
public festival shall be held for five days 
every year, and that every fourth year 
one additional day should be kept as a 
public festival in honor of the rulers. By 
these provisions the priests introduced 
the ycar of 365).\ days." 

"Some time ago Struve discovered a 
small star near Procyon, which he re
garded as being the probable cause of 
the irregularities of the movements of 
the latter body. Dr. Andrews has since 
repeated his calculations regarding the 
proper motion of Procyon, which ap
pcars to be circular, in a period of a little 
less than 40 years, around some invisible 
center. He does not now definitely con
clude that this peculiar movement 
should be ascribed to Struve's star, but 
considers that the question will be de
cided next spring, if the new star is then 
visible. In such case Struve's star should 
be at a IConsiderable distance from the 
common center of gravity, and a mass 
must be attributed to Procyon equal to 
80 times that of our sun and to his com
panion a mass equal to 6% of the same 
body." 

"Gas engines are a elass of prime 
movers from which much has been ex
pected, but with which little success has 
been yet attained. The Otto and Langen 
engine, recently introduced abroad, acts 
much like a Cornish pumping engine. 
The explosion of the gas drives the 
heavily loaded piston rapidly to the top 
of the cylinder, and as it descends its 
weight exerts a useful power. It is eco
nomical, using less than half the gas re
quired by the earlier engines, but it is 
more rattling and irregular in its action 
than even they were." 
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AMPEX has coined a new word of interest to people 
who use scientific data recorders 

op -er -a- bil-i-ty - characteristic of a data record
er that lets you concentrate on the data and not the 
recorder; lets you get on with the business of 
capturing heart sounds or earth tremors, recording 
airport noise or smog level, or whatever, instead 
of worrying about the tape machine. 
op -er -a- bil-i-ty - feature of a portable instru
mentation machine which has all the important 
things you need to get at located on the front 
panel, including FM calibration, signal electronics 
modules, adjustments, and all operating controls. 
op-er-a-bil-i-ty - trait of a scientific data record
er which has the lowest flutter and skew character
istics of any portable data recorder available. 
op - er-a-bil-i-ty - the capability of a data record
er which enables it to function in the field as well 
as in the laboratory, without requiring special 
adapters and accessories every time you move it 
to a new location. 
op -er-a- bil-i-ty - attribute of a tape machine 
which handles up to 32 separate data inputs, at 
speeds from 15/16 to 60 inches per second in either 
direction; covering IRIG bandwidths up to 300 
kHz direct, 40 kHz FM; running on any kind of 
AC from 90 to 250 volts, from 47 to 420 Hz. 
op -er -a- bil-i - ty - a word coined by Ampex engi
neers who designed Skylab's tape recorders, to 
describe their newest: the neatest, cleanest little 
package of mechanical and electronic mnova
tions Ampex has ever put together. 

To further define the word operabilil)', we've recorded eight pages of 

data into a new brochure entitled '�mpex PR-2200 Portable Instrumen

tation Recorder:' which should be of special interest to scientists and 

research engineers. Send your name and address today for your copy. 
Ampex PR-2200 
portable instrumentation tape recorder 

I AMPEX I 
Ampex Corporation 
Instrumentation Division 
401 Broadway 
Redwood City, CA 94063 
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MEASUREMENT(ffgCOMPUTATION: changing things for the better --------

A small tool with a big impact 
on field service 
To designers and technology buffs, the fasci
nating aspect of the new HP 970A Digital 
Multimeter is how we managed to squeeze a 
complete 31/2-digit autoranging DMM into a 
package that fits the palm of your hand. (The 
secret, briefly, is a unique thin-film Ie that 
incorporates the equivalent of 3,000 transistors. 
and combines digital and analog circuitry, on 
the same hybrid substrate.) 

To service technicians and engineers, those 
harried souls who keep electronic wizardry in 
good repair, the important news is how the 970A 
radically improves the measurement of volts 
and ohms. The battery-powered DMM goes 

wherever the work is to perform fast and 
accurate troubleshooting in hard-to-get-at 
places, and it does this so simply and easily 
that it's tough to make a measurement error. 

To managers responsible for field service, 
and the customers they serve, the key benefit 
is the time that can be saved. Since half the cost 
of field service is labor, and the 970A speeds 
and simplifies a laborious task, its true value 
is often realized on invoices for service calls. 

Whether a technician is toiling over a dish
washer, a television set, telephone switchgear 
or the most advanced computer, the 970A 
works the same way: he selects the desired 
function, attaches a clip lead to circuit common 
and touches the test point with the probe tip. 
A touch of the thumb on the DMM's bar switch, 

© 1973 SCIENTIFIC AMERICAN, INC



and the measurement appears on the digital 
display. That's all. The rest is automatic. There's 
no need to select the proper knob, look for the 
right scale, figure out where the decimal point 
goes, or decide what the polarity is: the 970A 
does it all automatically. 

Reading time is faster because the display is 
always in the line-of-sight, right next to the test 
point. Even if the 970A must be held upside 
down to reach a test point, the display can be 
electronically inverted so there's no chance of 
reading 6's for 9's. 

Price is $275* including three interchangeable 
probe tips, built-in battery pack good for 2,000 
measurements on a single overnight charge, 
charger, belt case, travel case and sun hood. 

New portable spectrum analyzer 
"fingerprints" low-frequency signals 

As its esoteric name implies, a spectrum analy
zer is an instrument which separates and 
measures the individual frequencies that make 
up a complex electrical signal. 

This ability to take apart and examine a wave
form by spectrum analysis - to display, at one 
time, the frequencies and amplitudes of its 
individual spectral components - has been 
traditionally limited to the higher frequencies. 

Now there's a low-cost way to do the same 
thing in the low-frequency range - the 
spectral deep where lurk such phenomena as 
mechanical vibrations, underwater sounds, 
communications signals and power line
related electrical interference. The new HP 
3580A Spectrum Analyzer can look at a low
frequency event such as the signals produced 
by a jet engine or power plant generator and 
provide a signature analysis, or "fingerprint", 
containing important clues to how well it's 
working. The potential of using the 3580A for 
preventive maintenance - to help predict a 
failure before it occurs - exists in the 
instrument's use of digital storage. 

Because necessarily slow sweeps of the fre
quency of interest are repetitively refreshed 
from the 3580A's digital memory, the CRT 
display is sharp and flickerless. This also allows 
a user to store a spectrum inde�nitely, recall 

HEWLETT� PACKARD 

Sales and service from 172 offices in 65 countries. 

Palo AIIO, California 94304 

it whenever convenient, and even superimpose 
it on a new spectrum for comparison to see if 
there have been any tell-tale changes in the 
fingerprint. 

Total analysis time is reduced by a factor of 
10 or so through a technique called adaptive 
sweep. Akin to a "volume control" this sets 
a variable baseline high enough to exclude all 

noise and low-level signals that do not interest 
him and still obtain a full-resolution scan. 

Fundamentally a precision instrument, the 
3580A has a minimum bandwidth of 1 Hz (rather 
than the usual 10 Hz) over its entire range of 
5 Hz to 50 kHz. It is thus capable of detecting 
spurious responses which can't be seen in the 
time domain or with older instruments. 

The 3580A can be operated on line power or 
on internal rechargeable batteries. It weighs 
only 35 pounds and costs $3800*, plus $255* 
for the optional battery pack. 

For more information on all of the above write 
to us. Hewlett-Packard, 1504 Page Mill Road, 
Palo Alto, Calif. 94304 
·us Domestic Prices Only. 00402A 
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: Mail to: Hewlett-Packard, 1504 Page M ill Road, Palo Alto, CA 94304 
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o 970A Digital Multimeter 0 3580A Spectrum Analyzer 
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THE AUTHORS 
DAVID J. ROSE ("Energy Policy in 

the U.S.") is professor in the department 
of nuclear engineering at the Massachu
setts Institute of Technology. Born in 
Canada, he served as an officer in the 
Royal Canadian Artillery in World War 
II and then completed his undergradu
ate work at the University of British Co
lumbia, where he received his bachelor's 
degree in engineering 'physics in 1947. 
After obtaining his Ph.D. (in physics) 
from M.LT. in 1950 he spent seven years 
at Bell Laboratories before joining the 
M.LT. faculty. "Believing strongly that 
rational energy utilization and conserva
tion are much underemphasized," he 
writes, "I drive an Aston Martin automo
bile with radial tires, thus (in that some
what vintage model) getting 25 miles per 
gallon on long runs. But having also just 
blown up the engine, I have in addition 
become sensitive to certain cost/benefit 
aspects of the problem." 

JAMES P. HOARE and MITCHELL 
A. LABODA ("Electrochemical Machin
ing") are in the electrochemistry depart
ment of the General Motors Corporation 
Research Laboratories. Hoare, who is a 
senior research chemist in the depart
ment, writes that "from childhood I have 
spent my life dividing my energies be
tween science and music." He was grad
uated from Regis College in 1943, re
ceiving his master's degree and his Ph.D. 
at Catholic University in 1948 and 1949 
respectively. He taught chemistry and 
physics at Trinity College in Washing
ton, D.C., for five years and then spent 
three years with the Naval Research 
Laboratories and three years with the 
Ford Scientific Laboratory before join
ing General Motors. He describes him
self as a "rabid stamp collector" and adds 
that he also enjoys "playing tennis and 
bridge, swimming, bowling and dab
bling in photography." LaBoda, who is a 
senior research engineer in the labora
tory, was graduated from the University 
of Detroit with a degree in chemical en
gineering. He worked as an analytical 
chemist for the Hudson Motor Car Com
pany and the Ford Motor Company be
fore joining General Motors in 1952. He 
writes that his spare-time interests are 
"reading, wine making and bridge." 

JOHN G. NICHOLLS and DAVID 
VAN ESSEN ("The Nervous System of 
the Leech") are respectively at Stanford 
University and the University of Oslo. 
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Nicholls writes: "I have a medical degree 
and a Ph.D. from the University of Lon
don. I am now a professor at Stanford, 
by way of London, Oxford, Harvard, 
Yale, Harvard. What really interests me 
professionally is how the brain gets to be 
put together in the first place, cell by 
cell, and how its performance is modi
fied by experience. In real life I take 
every opportunity I can to visit and read 
about Mexico and Central and South 
America. The special fascination of these 
places for me is the thread of continuity 
in their cultures from pre-Columbian 
times to the present, set in virgin scenery 
resembling nothing else on earth." Van 
Essen received his bachelor's degree 
from the California Institute of Technol
ogy in 1967 and his Ph.D. (in neurobi
ology) from Harvard University in 1971. 

He worked with Nicholls for a time and 
now is doing postdoctoral work in Oslo. 

DANIEL MAZIA ("The Cell Cycle") 
is professor of zoology at the University 
of California at Berkeley. "I was born in 
Scranton, Pa.," he writes, "and spent my 
youth in Philadelphia, enjoying a good 
education and cultural opportunities in 
that grimy city, which didn't know it was 
blighted because urban blight hadn't yet 
been invented. The most important 
event in my career was my attachment to 
my teacher L. V. Heilbrunn at the Uni
versity of Pennsylvania. It has taken me 
a long time to see how teachers are the 
guiding motive of a scientific career. I 
have had many students, some now fa
mous scientists, and I wonder whether 
some of them will see their careers in the 
same way." Mazia received his Ph.D. 
from the University of Pennsylvania in 
1937 and taught at the University of 
Missouri for 10 years before going to 
Berkeley in 1951. "I am interested in 
many things outside of work but am too 
overawed by the biographies of other 
Scientific American authors to mention 
them," he says. "I don't play the virginal, 
ride Lippizaners or practice conversa
tional Erse." 

DAVID N. SCHRAMM ("The Age of 
the Elements") is assistant professor of 
astronomy and physics at the University 
of Texas at Austin. Following his gradu
ation from the Massachusetts Institute of 
Technology in 1967 with a degree in 
physics, he did graduate work at the 
California Institute of Technology, 
where he obtained his Ph.D. in physics 
in 1971. During his years as a student he 
also won a number of awards and cham
pionships as an amateur wrestler; among 
them was the National Greco-Roman 
Championship in 1971. While pursuing 
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Error on your 
ph n ill? 

We'll take 
careofil. 

If you reach a wrong number when you're dialing a toll call, let the 

operator know about it as soon as it happens. We'll help youget the charge 

removed. 

If the call does turn up on your bill, or if you are charged for a call 

you didn't make, just call your local Bell business office. 

We know mistakes can happen. A service representative will be 

happy to correct any that turn up on your bill. 

At AT&T and your local Bell Company, we agree: you shouldn't 

have to pay for calls you didn't make. 

We hear you. 
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West. 13300 S. Estrella,los Angeles 90248/ Midwest, 1500 Greenleaf, Elk Grove Village, 111.60007/ Canada, S.H. Parker Co. 
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She said: 
A clock that used to 

belong to Napoleon 
and chandeliers 
from Chambourde! 

What other in
credible antiques 
do you have here? 

We said: 
We might be 

able to arrange for 
the General Manager 
to give you a tour, 
if you like. 

She said: 
I'm sure he's 

much too busy. 

We said: 
He's never too 

busy to show ofF 
the

, 
antiques, 

ma am. 
He polishes them 
himselF 

The Stanfo Court . 

Young. sentimental, graceful and human. 
An original, just like San Francisco. 

G(1ie 

srA�FO� COU� 
San <YraIll.CllSCO'S �ob Hill 

(415) 989- 3500 

For fHfrvations dial toll free In tht' U.s. lBCO) 2D-4248, tn Califor nia (&\J) 622-0812. Or call QUIck Re�rva[lons In New York, Ch,.:agoor 
Lm Angeles. *Hotd Reprt'stntativt's Inc. New York (212) 8lS-1110. *H .R.I.- ,he leJdmg holds of Europe and Wor l.i WI.W Assooates. 

his doctorate and working as a research
er at Cal Tech he served as assistant 
coach of the wrestling team. 

IRVIN ROCK ("The Perception of 
Disoriented Figures") is professor in the 
Institute for Cognitive Studies of Rutgers 
University. He received his bachelor's 
and master's degrees in psychology at 
the City College of New York in 1947 

and 1948 respectively and his Ph.D., 
also in psychology, from the New School 
for Social Research in 1952. He taught 
at the New School from 1950 to 1959 
and then at Yeshiva University until 
1967, when he went to Rutgers. Rock's 
most recent book is Orientation and 
Form. 

JOHN C. SCHELLENG ("The Phys
ics of the Bowed String") retired in 1957 

as director of radio research at Bell Lab
oratories. He had been associated with 
the laboratories and its forerunner, the 
engineering department of the Western 
Electric Company, since 1918. Schel
leng was graduated from Cornell Uni
versity in 1915 and was a graduate stu
dent and instructor in physics there un
til 1918. He writes: "I joined the Bell 
System when the lowest radio frequen
cies were audible and stayed with it in 

its climb up the frequency ladder into 
the domain of gigahertz. After retire
ment I found myself on a low rung of the 
ladder with the frequencies of interest in 
music, but the principles proved to be 
much the same. As an inveterate ama
teur cellist I have had a passionate love 
affair with chamber music almost all my 
life, with more platonic and less lasting 
adventures with other hobbies, such as 
oil painting." 

J. D. NORTH ("The Astrolabe") is 
visiting professor of the history of the ex
act sciences at the University of Aarhus 
in Denmark, where he serves on a leave 
of absence from the University of Ox
ford. His degrees are from Oxford and 
the University of London; his doctoral 
thesis on the history of 20th-century cos
mology is also the subject of his book 
The Measure of the Universe. From 
1964 to 1971 he prepared for publica
tion an edition of the writing of Richard 
of Wallingford, a mathematician and as
tronomer of the 14th century. Richard 
of Wallingford built for the Abbey of St. 
Albans the oldest mechanical clock 
about which detailed information exists; 
North is directing the reconstruction of 
this extremely complex mechanical clock 
on the basis of a manuscript describing 
it that he discovered in the Bodleian Li
brary at Oxford in 1964. 
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MISCONCEPTION: 
Electric utilities make too much money. 

FACT: 
With today's costs, many electric power companies are not earning 
enough to enable them to do what they must: continue providing 
their customers with reliable electric power. To do this, electric 
companies have to build new generating plants and other facilities. 
T his construction requires enormous amounts of money -billions 
of dollars. To finance construction, many electric utilities must 
obtain up to 75 percent of this money from investors. And they 
absolutely must earn, on a continuing basis, an adequate return 
on presently invested funds before new investors will be motivated 
to risk additional funds. Otherwise, no investment capital, no 
construction, no new power supply to meet the demand. It's just 
that simple. But it doesn't stop there. Inadequate supplies of 
electric power can start a domino effect. The industrial and 
commercial prosperity of an area is damaged, and wages, jobs, and 
tax money begin to decrease-the community's whole well-being 
is affected. For more information, write for our pamphlet on 
utility earnings. The Southern Company, Dept. 342, 
P.O. Box 720071, Atlanta, Georgia 30346. 

Adequate supplies of electric power form the base upon which jobs, growth, and improvement in standard of living are built. 

The Southern Company system: working toward tomorrow, today. 
Alabama Power Company Georgia Power Company Gulf Power Company Mississippi Power Company Southern Services, Inc. Southern Electric Generating Co. 
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Energy Policy in the U.S. 

The President's appeal for u.s. energy self-sufflciency by 1980 

cannot be regarded as realistic. The long-range options that are 

open to the nation are here considered in a "taxonomic" approach 

Contemplating the energy crisis in 
their chilly homes this winter and 
facing an economic turndown 

stemming from fuel shortages, Ameri
cans increasingly wonder where it all 
went wrong. Had no one foreseen the 
problems that in retrospect receive so 
many glib explanations, that now re
quire emergency correction because 
long-term guidance was lacking and that 
cannot be truly ameliorated for many 
years? It should have been obvious to 
the oil companies, the electric utilities, 
the automobile industry, Congress, the 
White House and the universities that 
without adequate energy an industrial 
society must throttle down. 

The problem is large enough, once it 
is recognized holistically. The getting, 
refining, distributing and consuming of 
fuels account directly for about 10 per
cent of the nation's economic activity; 
or about $ 125 billion per year out of a 
gross national product approaching 
$ 1,300 billion. That is almost equal in 
dollar value to all of agriculture, food 
processing and food distribution, activi
ties long recognized as requiring intel
lectual organization and balance, even to 
having their own department in the Fed
eral Government. It might therefore 
seem that the development of a rational, 
long-range energy policy would be the 
first order of any nation's business. That 
the U.S. never had such a policy and is 
still without one can only be regarded as 
a major social failure. 

In fact, the energy crisis not only was 
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by David J. Rose 

predictable but also was in its general 
nature predicted. For one thing the pe
troleum industry is short of domestic re
fining capacity by about three million 
barrels per day. Its spokesmen give en
vironmental restrictions on siting as a 
principal reason. The short-term de
mand for fuel, however, is well known to 
be highly inelastic ; this means that a 
small shortage leads to large price in
creases. Thus not by any collusion but by 
a little benign neglect the petroleum in
dustry could improve its lot substantial
ly. Compounding the difficulty, and 
against advice from many sources, the 
industry has allowed tax credits and oth
er incentives to increase its dependence 
on overseas refinery capacity. The auto
mobile industry has paid virtually no at
tention to fuel conservation. The Federal 
Government has developed little capa
bility to collect data on fuel demand and 
resources and has been content with pe
troleum-industry data. Few in decision
making positions in Government or in
dustry paid attention to the scarcity of 
low-sulfur fuel as they promulgated en
vironmental standards. Federal agencies 
responsible for developing non petro
leum fossil fuels (particularly clean fuels 
from coal, which might have provided 
not only earlier relief but also competi
tion to petroleum fuels) have been vir
tually starved while tax funds have been 
lavished on nuclear reactors. Few uni
versities and public-information groups 
found it either interesting or rewarding 
to illuminate the issue. Our present diffi-

culties were largely caused not by ig
norance but by irresponsibility. 

The President has announced a set of 
mandatory regulations, effective Janu
ary 1, designed to reduce consumption 
of heating oil, gasoline and jet-aircraft 
fuels by 1.7 million barrels per day, or 
slightly less than 10 percent of last year's 
average daily demand. Even with this 
reduction, the President said, available 
supplies will still fall 7 percent short of 
the anticipated demand, so that "addi
tional actions will be necessary." A pre
dicted ultimate shortfall of 17 percent is 
largely attributed to the oil embargo im
posed by the Arab states. As a long
range response to the Arab action the 
President proposed "Project Indepen
dence 1980," which he defined as "a se
ries of plans and goals set to insure that 
by the end of this decade Americans will 
not have to rely on any source of energy 
beyond our own." 

Such an ambition seems unachievable 
without the application of Draconian 
measures, and probably would be un
wise besides. Lack of policy has in effect 
encouraged substantial foreign depen
dence. Estimates show that to achieve 
hemispheric (not domestic) self-suffi
ciency by 1980 means closing an energy 
gap of nine million barrels per day. Con
ceivably this might be achieved by com
bining the strict conservation of energy 
with the ruthless exploitation of all the 
energy resources tappable within the 
short span of six years. That would mean 
a sharp curtailment in the booming de-
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mand for oil (recently growing at 7 per
cent per year), the accelerated depletion 
of known oil fields, intensified drilling 
offshore in the hope of a major strike, the 
relaxation (if not the total abandon
ment) of environmental-quality stan
dards, unrestricted strip-mining and a 
wholesale shift from oil and natural gas 
to coal, particularly for electric-power 
generation. Between now and 1980 it 
will be virtually impossible to build 
more nuclear-power plants than those 
already on the drawing boards. It is also 
unrealistic to expect any substantial pro
duction of synthetic crude oil from coal 
or oil shale by 1980. It is estimated that 
to achieve a capacity of five million bar
rels per day of synthetic oil from these 
sources would cost $50 billion and take 
eight to 10 years. Solar and geothermal 
energy can make no important contribu
tion in the near future. And power from 
fusion reactors cannot be expected be
fore the end of the century. 

This preamble brings us to the point of 
asking what the energy problem is, 

instead of only what went wrong. If 
there is any excuse for the nation's being 
confronted with an energy crisis, it can 
be found in the sheer richness of the en
ergy problem. The scale of the problem 
is too vast and its time horizons are too 
distant for it to fit the customary be
havior of the institutions charged (or left) 
to deal with energy. For example, indus
trial rates of economic return lead to 
time horizons only five to 10 years hence, 
but the problems themselves have a 
much longer lifetime, and the rewards 
for solving many of them accrue only to 
the public at large and not to specific 
industries. Thus even if the U.S. could 
discern and immediately adopt the wis
est set of actions to meet the present 
crisis, energy problems would still per
sist. Some measures and actions now 
proposed are part of a continuing series 
that, if sensible, will bring gradual prog
ress and improvement but never total 
"solutions." Thirty years from now en
ergy will still be a serious topic; only the 
details will change. 

Analyzing alternative solutions to 
technical problems and weighing their 
consequences has an increasingly fash
ionable name: technology assessment. 
The term, although useful for naming 
the task to be performed, is hardly a 
recipe for how to go about the task. 
When the problem concerns a subject as 
multifaceted as energy, in which tech
nology, economics, resource allocation 
and social goals all interact, it becomes 
extraordinarily difficult to balance costs 
and benefits and reach a national con-
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U.S. ENERGY SHORTAGE was clearly predictable at least two years ago when the do· 

mestic supply of fuels began for the first time to fall sharply behind the rising total demand 

for energy. Domestic production of natural gas and crude oil reached an all·time high in 

1972 and has been falling since. The oil and gas curves plotted here include a rising fraction 

of imports and, beginning in the late 1970's, limited quantities of synthetic gas and oil from 

coal and oil shale. The individual curves for hydroelectric power and fuels add up to yield 

total demand. The widening gap between domestic supply and total demand is accounted 

for almost entirely by the domestic shortage of oil, as is illustrated on the next page. 

(The two illustrations closely follow the projections made by the Shell Oil Company.) 
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U.S. DEPENDENCE ON OVERSEAS OIL cannot be eliminated in the foreseeable future 

except at what would seem to be prohibitive cost. It is estimated that the U.S. will have 

to import some 16 million barrels per day of oil from overseas in 1990, of which at least 

14 million barrels will originate in the Eastern Hemisphere, chiefly the Middle East and 

Africa. Just to reduce this figure to eight million barrels per day the U.S. would have to 

build plants capable of producing six million barrels per day of synthetic crude oil from 

coal or shale, at an estimated cost exceeding $50 billion. This would he virtually as much 

oil as the U.S. is expected to pump from all its domestic wells in 1990. The broken lines in 

the projections for the U.S. and the Alaskan North Slope indicate how even their oil output 

will fall if there are no further discoveries. The curve for total supply is made up of barrels 

of varying B.t.u. content, depending on source, hence the total corresponds in B.t.u. content, 

but not exactly in barrels, to the oil curve in the illustration on the preceding page. 
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sensus. For one thing, many goals nat
urally oppose one another, such as cheap 
coal and minimum land disturbance. It 
is hard for a partisan of one view, no 
matter how conscientious, to assess op
posing views. At the crudest level, to 
recognize the validity of an opposing 
view tends to weaken one's own. More 
intractable kinds of intellectual imbal
ance arise when advocates of a particu
lar option attract a band of adherents 
who, in their overenthusiasm, convert 
the option into a crusade. 

What is needed, among other things, 
is some overall taxonomy of energy: a 
listing of the options in a logical hier
archy, so that national debate leads to 
public illumination and eventually to 
more satisfactory choices. Unfortunately 
no unique taxomony exists, but any rea
sonable one is better than none; one 
hopes through study of the taxonomy to 
achieve some degree of insight. Then 
better decisions will follow. Here I at
tempt a taxonomy based primarily on 
technological issues, but it will soon be
come apparent where and how nontech
nical issues enter also, and indeed often 
dominate the discussion. It will also be
come apparent that some currently pop
ular ideas lack merit. 

The technological discussion proceeds 
best from the particular to the gen

eral. One begins by comparing the sim
plest technical options (one component 
with respect to another, say). After that 
one compares alternative major devices, 
then alternate strategies for achieving 
major technical goals and so on, thereby 
constructing a succession of ever more 
complex intellectual assemblies. Each 
higher stage of assessment tends to bring 
in more and more non technological 
issues, such as environmental cost, re
source use or social purpose. 

Let us start, then, at a reasonably sim
ple level and choose a topic : Comparison 
of various nuclear methods for generat
ing nuclear power, arranging the options 
to produce a structure resembling a mo
bile, the kind that hangs from a hook on 
the ceiling [see upper illustration on 
page 26]. The mobile has two main seg
ments : one labeled "Fission" and the 
other "Fusion." Of these two general 
routes to nuclear power the latter will 
probably not be available until after the 
end of the century. The fission branch 
of the mobile divides into two sub
branches: converters (present technol
ogy) and breeders (future technology). 
Under converters there are two sub
classes : light-water reactors and the 
more advanced high-temperature gas 

© 1973 SCIENTIFIC AMERICAN, INC



reactors. There are also two subclasses 
under breeders: the liquid-metal fast
breeder reactor that may be available in 
the 1980's, and beyond that, perhaps, 
the gas-cooled fast reactor. 

The mobile analogy is useful because 
it presents specific technological "va
rieties" as options at the bottom of the 
structure; at the next higher level the 
options are between species of devices 
and at still higher levels the options are 
among genera, families, orders, classes 
and phyla. Thus the mobile establishes 
a taxonomic ordering of alternatives. In 
making assessments one gives least 
weight to the individual items at the bot
tom of the structure and increasingly 
more weight to options available as one 
moves upward. As in constructing ac
tual mobiles, one must build the struc
ture and balance the items from the bot
tom up. 

What weights, in development dol
lars, are actually being given to elements 
in the nuclear-power mobile at the pres
ent time? Between fission and fusion the 
funding ratio is about five to one: $400 
million for fission reactors to $80 million 
for fusion reactors. The ratio is roughly 
appropriate to the distant time horizon 
for fusion as well as to its remaining un
certainty. If and when fusion power be
comes more certain, it will require more 
development funds than fission power 
did; fusion is technologically as far be
yond fission as fission was beyond coal
burning. 

The principal imbalances appear in 
the fission program itself. The gas-cooled 
reactor has been delayed for lack of 
development funds. The light-water de
vices were developed either with Fed
eral money (as part of the nuclear-sub
marine program of the Westinghouse 
Electric Corporation) or with conscious 
acceptance of initial losses (such as those 
incurred by the General Electric Com
pany in promoting the boiling-water 
reactor). The high-temperature gas reac
tor may actually be safer than the water
cooled reactors, more economical of 
uranium resources, more efficient (mean
ing that less waste heat is rejected to the 
environment) and perhaps even cheaper 
to build (although not all these advan
tages are confirmed). Its development 
lagged because its sponsor, the General 
Atomic Division of General Dynamics, 
could not afford to accept losses on the 
initial units. Now that General Atomic 
is part of the Gulf Oil Corporation that 
limitation has been removed; a first re
actor nears operation and six more are 
on order. 

A different and more serious imbal-

ance applies to the breeder-reactor pro
gram. Its budget of $320 million in the 
fiscal year 1974 represents a fifth of the 
total U.S� research and development ex
penditure on energy and more than a 
third of the Federal effort. The breeder's 
chief advantage over present reactors is 
fuel economy. Whereas present reactors 
depend on fission of the rare uranium 
isotope U-235, the breeder can utilize 
U-238 (99.3 percent of all uranium) by 
converting it into fissionable plutonium. 
To be sure, uranium costs will rise ap
preciably by the end of the century if a 
breeder reactor is not developed, but 
since uranium costs are only a small 
fraction of the total cost, delivered elec
tric-power costs would not rise more 
than a few percent. Thus a demonstra
tion breeder reactor for the U. S. is less 
urgently needed than the Atomic En
ergy Commission, the White House and 
Congress have maintained. Europe and 
Japan, far poorer than the U.S. in re
serves of fossil fuels and somewhat poor
er in uranium, have more urgent reasons 
than we do to develop all forms of nu
clear power, including power from 
breeder reactors. 

In addition to pushing the breeder 
concept faster than the facts warrant, 
the Government has put virtually all its 
support behind the liquid-sodium-cooled 
version, allotting only $1 million per 
year to Gulf General Atomic's gas-cooled 
fast breeder. The relative promise of the 
two concepts is in no such disparate 
ratio. Still worse, concentration on only 
one technological device is risky and un
wise. 

A similar assessment can be made 
with respect to generating electric 

power from alternate energy sources. 
Again the options can be arranged in the 
form of a mobile [see lower illustration 
on page 26]. Some of the options that 
have been proposed can be dismissed 
out of hand. For example, it is easy to 
calculate that if a low dike were built 
around the entire U.S. to harness all the 
tides, the resulting electric power would 
only satisfy the needs of a city the size of 
Boston. To supply the U.S. electric needs 
by wind power would require windmills 
100 meters high spaced a few kilometers 
apart over the entire country. Most of 
the suitable hydroelectric sites are al
ready developed. (Hydroelectric gener
ators now account for 10 percent of the 
U.S. electric-power supply.) It is clear 
that tides, winds and falling water are 
not solutions to the nation's energy 
problem. 

The heat of the earth's interior is vast 

but normal flow of it to the surface is 
small. It has nonetheless been estimated 
that subterranean sources of steam and 
hot water have a potential for supplying 
about twice as much power as the U.S. 
currently obtains from hydroelectric 
sources. 

Gaining in popularity is the notion of 
drilling holes to reach kilometer-size 
bodies of hot rock that lie anomalously 
near the surface. There are perhaps 
1,000 such bodies in the geologically ac
tive western U.S., enough to satisfy the 
region's power needs for a very long 
time. The injection of water might both 
fracture the rock and jack up the strata 
to facilitate percolation. Steam would be 
withdrawn through separate exit holes. 
The idea is not unattractive, but there 
will be problems. Since hot water dis
solves many minerals, it will be hard to 
keep cooler piping free of mineral de
posits. Moreover, percolation channels 
tend to become enlarged where the flow 
is greatest, thus leading to large mass 
flow with poor heat transfer. Such diffi
culties are well known to the drillers of 
deep wells. 

Solar energy is a different story. It is 
plentiful and free, but the problem is 

to collect it efficiently and economically. 
A million-kilowatt plant, equal in output 
to the largest conventional generating 
station, would require a collection area 
of 100 or more square kilometers, de
pending on the efficiency of conversion. 
That might seem to put such options be
yond consideration, but a coal-burning 
plant, obtaining its fuel from strip-min
ing of coal seams half a meter thick, will 
cause the same area to be stripped in 25 
years. With available technology a solar
energy power plant would cost between 
five and 10 times as much as a coal- or 
nuclear-power plant. Advocates believe 
the cost would fall sharply with suitable 
engineering development. 

The idea of converting solar energy 
to electric power in space and beaming 
it down to the earth at microwave fre
quencies would provide energy around 
the clock, fair weather and foul. To be 
economically feasible the cosf of avail
able components would have to be re
duced by a factor of about 100 and the 
cost of putting the components in orbit 
by a factor of about 10, over and above 
the economies promised by the space 
shuttle. Beyond that there is worry 
about the long-term effect of low-level 
microwave power on life near the receiv
ing antennas, which would have to cover 
tens of square kilometers. Meanwhile 
terrestrial solar energy, including wel-
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come applications of it for domestic 
space conditioning and water heating, 
enjoys for the first time some reasonable 
exploration: $12 million in Federal funds 
in the fiscal year 1974. 

In ass.essing the available options for 
generating electric power a corrosive 

and ill-constructed debate has devel
oped between some vocal advocates and 
critics of fossil fuels and nuclear fuels. 
The costs of generating electric power 
have been rising more sharply than the 
general price index for two reasons: the 
dramatically increasing cost of nuclear 
reactors and the need to use low-sulfur 
fuels in conventional power plants {or to 
add sulfur-recovery equipment}. Except 
where low-sulfur coal is plentiful and 
cheap, nuclear electricity now tends to 
be cheaper than fossil-fuel electricity. 
Moreover, the disparity in price will 
probably increase if air-quality stan-
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dards force more restrictions on fossil
fuel plants and as clean fossil fuel be
comes steadily more expensive. 

Several issues enter the discussion, 
some of them spurious. The clandestine 
and irresponsible use of nuclear-weap
ons material is quite unlikely to be pre
vented by this country's refraining from 
installing nuclear-power reactors. The 
core issue is environmental: Which type 
of power plant is actually, or potentially, 
more hazardous? It is my opinion that 
the environmental and epidemiological 
evidence strongly favors nuclear-power 
plants. The Atomic Energy Commission 
has spent more than $1 billion exploring 
the health and other environmental 
problems of nuclear energy. Although its 
record is not perfect and more remains 
to be done, a huge amount of informa
tion has been made public. The nuclear 
hazards are fairly well recognized and 
widely advertised. Principally they are 
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associated with uranium mining and 
processing, with the normal operation of 
nuclear plants and fuel-reprocessing fa
cilities, with long-term waste disposal 
and with accidents. 

Conversely, the Department of the 
Interior, which has cognizance over coal 
and its technology, has spent hardly 
anything on the general environmental 
and epidemiological hazards of burning 
coal, leaving the problem largely to the 
Department of Health, Education, and 
Welfare and the Environmental Protec
tion Agency, Thus the hazards of fossil 
fuels have been little studied or publi
cized. The data that do exist show that 
the total social cost of generating energy 
with fossil fuels has vastly exceeded the 
cost associated with nuclear fuels per 
unit of energy, at least with the environ
mental and work standards that applied 
through the 1960's. 

For example, Lester Lave and Eugene 
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PROVED WORLD RESERVES OF CRUDE OIL total 562 billion 

barrels, distributed geographically as shown here. More than half 

of the proved reserve is concentrated in five Middle East states. 

The U.S.S.R. and China together possess about 10 percent of the 

total. The entire Western Hemisphere has 13 percent. The estimate 

for the U.S. includes 10 billion barrels from the North Slope of 

Alaska. The National Petroleum Council estimated that at the end 

of 1970 some 385 billion barrels of oil remained to be found on U.S. 
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territory or immediately offshore. This in turn was believed to rep· 

resent about half of all the oil ultimately discoverable. For the 

worla
' 

as a whole N.P.C. estimates that proved reserves can be 

doubled in the next 15 years. For this reason the estimated total 

world consumption of energy between 1975 and 1990, equivalent to 

some 1,200 billion barrels, is not so alarming as might otherwise 

appear. In fact, natural crude oil will probably be supplying at 

least 60 percent of the world's total energy demand even in 1990. 
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Seskin of Carnegie-Mellon University 
and Thomas A. Hodgson of the Cornell 
Medical College present data implying 
that the pre-1968 health cost to New 
Yorkers from unrestricted coal burning 
in power plants was several thousand 
deaths per year, plus uncounted non
fatal disabilities of varying severity. 
Some 50,000 American coal miners are 
currently disabled with black-lung dis
ease. To these social costs must be added 
the despoliation of land by strip-mining. 

These social costs, which appear to be 
more than 100 times higher than the 
equivalent nuclear costs per unit of en
ergy, will no doubt be reduced as en
vironmental standards rise, but the cost 
of putting fossil fuels on an even en
vironmental footing with nuclear fuels 
seems prohibitive. Meanwhile debate 
has concentrated on the more publicized 
nuclear hazards and has led indirectly to 
lowered air quality as a result of the 

construction or retention of fossil-fueled 
plants. We see here a clear case of un
balanced debate and consequent faulty 
decisions arising from an initial imbal
ance in available information. When the 
public is presented with a balanced pic
ture of the consequences of burning f(ls
sil fuel, I feel sure there will be an ac
celerated movement toward nuclear 
power and much more caution about re
laxing environmental standards during 
energy shortages. 

We now pass to the next level in our 
hierarchical assessment, the alloca

tion of primary energy resources among 
users [see upper illustration on page 27]. 
The electric-utility industry and trans
portation each take about 25 percent of 
the nation's fuel supply; another 20 per
cent is required for space heating and 
30 percent is consumed by industry 
(which also takes about 40 percent of 

the electric power generated). Here at 
the level of dividing up the national en
ergy budget it is again fair to ask wheth
er the relative effort to develop better 
options matches the relative needs. 

Again the answer is no, and coal once 
more serves as a good example. Fossil 
fuels, in spite of their drawbacks, will 
be needed for many years, not only for 
the generation of electric power but also 
for transportation, for home heating, for 
industrial purposes and so on. Coal, to
gether with the oil shale of western Col
orado and the tar sands of western 
Canada, is a unique North American re
serve of fossil fuels. In a period of ever 
increasing prices and ever decreasing se
curity the first two are the only resources 
capable of replacing imported fuels until 
better and more nearly inexhaustible re
sources can be rationally developed. The 
U.S. Geological Survey estimates that 
the U.S. possesses 1.6 trillion tons of 
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U.s. RESERVES OF COAL, OIL SHALE, URANIUM vastly ex· 

ceed the world's proved reserves of crude oil, as depicted to the 

same scale on the opposite page. The U.S. coal resource of 1,600 

billion tons is defined as half of the coal estimated to be present 

in beds as thin as 14 inches at depths of up to 4,000 feet. About 10 

percent, or ISO billion tons, exists in beds comparable in thickness 

and depth to those being mined today. The principal deposit of 

oil shale is in the Green River Formation in Colorado, Utah and 

Wyoming. Some 55 billion barrels of shale oil are readily recov· 

erable in seams more than 30 feet thick containing more than 30 
gallons of oil per ton. The reserves of uranium are computed on 

the basis of use in present·day reactors. When breeder reactors are 

available, the reserve will become essentially limitless. Fuel for 

fusion, if it ever becomes practical, is likewise limitless. With an 

enormous effort the U.S. might reduce its energy consumption 

10 to 15 percent below the figure represented by the bottom bar. 
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recoverable coal in beds at least 14 inch
es thick, lying no deeper than 4,000 feet. 
The total is equivalent to 500 times the 
total U.S. energy consumption last year 
and more than 20 times the energy the 
U.S. will consume between now and 
1990 [see illustration on preceding 
page]. Of course, only a fraction of the 
coal reserve, perhaps no more than a 
third, is reasonably recoverable with ex
isting technology at acceptable cost. 

At present, however, coal provides 
only 18 percent of the nation's energy 
needs, a fraction that has dropped with 
time. (In 1900 coal supplied 70 percent 
of the nation's energy, and as recently 
as 1950 it supplied 36 percent.) Most 
present modes of coal extraction and use 
have been socially, environmentally and 
epidemiologically damaging. In this re
spect the technology of coal languishes. 
Oil shale may be an even worse environ
mental problem, but these and other dif
ficulties are correctable, in my op111lOn, 
if the public has the will to demand 
correction. 

Coal and oil shale (perhaps tar sands 
too, with the appropriate consideration 

of Canadian interests) now appear in 
their proper light: as raw materials for 
a synthetic-fuel industry that can limit 
economic and political threats from 
abroad. The domestic cost of producing 
low-sulfur crude oil and delivering it to 
the East Coast of the U.S. has been 
about $3.75 per barrel (42 gallons) until 
recently, but now has risen to just above 
$5. Until last fall approximately the 
$3.75 price was charged by overseas 
suppliers, mainly through the operation 
of the Organization of Petroleum Ex
porting Countries (OPEC), even though 
the actual cost of producing and ship
ping crude oil from the Middle East is 
only a fraction of that figure. 

With the recent outbreak of war in 
the Middle East the Arab states raised 
prices substantially, and then several of 
them cut off supplies to the U.S. Saudi 
Arabia cut its total exports 20 percent 
and raised prices to recoup; Libya raised 
the posted price of her product from 
$4.604 to $8.925 a barrel. Such prices, 
of course, can scarcely be maintained 
under normal conditions. Nevertheless, 
within the next 10 years the U.S. can 

expect to be paying $8 or more per bar
rel (in 1973 dollars) for imported crude 
oil. Even if the price were to rise no 
higher, the annual U.S. bill for foreign 
oil in 1985 could reach $40 billion, if 
imports rise to the 15 million barrels per 
day given in some estimates [see illus
tration on page 22]. 

Even worse is the threat of eternal po
litical blackmail, which can only be met 
with determined action by the U.S. One 
such possibility is establishment of a 
substantial synthetic-fuel industry. Be
tween now and the early 1980's there 
would be enough time to develop envi
ronmentally acceptable methods for pro
ducing oil from coal, and perhaps from 
oil shale as well, at less than $7 a barrel. 
At the same time programs now under 
study will probably lead to the produc
tion of clean synthetic natural gas from 
coal at, say, $1.20 per 1,000 cubic feet, 
equivalent in energy cost to petroleum 
at $7 a barrel. 

The implementation of such a strategy 
would be neither cheap nor simple, even 
if it is a good option. One can ask, "How 
much syncrude is enough?" and thereby 
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ASSESSMENT MOBILES display in simple, easily grasped form 

the various technical options available for doing a specific job or 

reaching a specific goal. Such mobiles are best constructed from 

the bottom up. A mobile for energy policy might be "assembled," 
as shown here, by considering first the devices available or poten

tially available for producing power from nuclear reactions. Light

water reactors have been generating commercial power for 15 

years; the first high.temperature gas.cooled reactor is nearing 

completion. Both are simple converters, that is, they consume the 

rare uranium isotope U·235. Breeders, now under development, 

will produce more fissionable material than they consume. The 

U.S. has budgeted $320 million this fiscal year for development and 

construction of a liquid-metal fast·breeder demonstration plant. 

The gas-cooled fast breeder, on the other hand, will receive only 

$1 million in Federal funds. In the hope of demonstrating the 

technological feasibility of fusion reactors the U.S. will spend $80 

million this fiscal year. Controlled fusion is unlikely to provide 

significant amounts of electric power before the end of the century. 

'--__ ---' '--___ -' L_-,_-' L ___ -'II WINDS 

NEXT STEP IN ASSESSMENT leads to a larger mobile that in

cludes sources of energy besides nuclear materials. The actual as· 

sessment considers the availability of the source, methods for ex· 
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ploiting it and cost. Tides and winds are readily shown to hold 

little promise. Geothermal and solar energy are potentially unlimit

ed sources but the technology for exploiting them is rudimentary. 
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raise a host of other questions. To build 
the capacity needed to produce five mil
lion barrels per day (perhaps a third of 
the projected 1985 imports) would cost 
about $40 billion. Although that is no 
more than the U.S. spent in the 1960's 
on space ventures, its impact on the 
economy (particularly the construction 
industry) will be vastly different. Many 
difficult questions will have to be an
swered. What will be the impact on the 
engineering and skilled-labor market? 
How will other patterns of investment 
(investment in housing, for example) be 
affected? What will be the impact on the 
coal-mining industry? On water re
sources? What are the alternate strate
gies? At $7 per barrel how much more 
petroleum can be produced in the U.S. 
and its sea-bottom surround? More than 
80 percent of the original U.S. petrole
um reserve is still in the ground, and 
more is available with increased effort, 
but finding and extracting a substantial
ly increased fraction would be very diffi
cult. 

International impacts are no less com
plex. Whether an increased U.S. pro
duction capacity would force OPEC 
prices to remain below $7 per barrel is 
hard to say, because the U.S. represents 
only a fraction of the world market. On 
the other hand, OPEC is not a monolith
ic structure, and the temptation for one 
OPEC country to abandon the consor
tium would be great. If that were sure to 
happen, the U.S. syncrude industry 
would have to have been built to stand 
largely idle. Underpriced by Arabian 
oil, it would be an economic and politi
cal weapon designed by Federal policy 
not to be used, in the same sense that 
the Department of Defense builds weap
ons systems not to be used. Other in
ternational questions relate to such mat
ters as whether Western Europe and 
Japan will remain dependent on the 
Arab states, will turn to the U.S.S.R. 
(which is believed to have immense re
serves waited to be proved in), or will 
turn even more to nuclear power. Ques
tions such as these, which are difficult to 
frame, let alone answer, make the energy 
problem what it is. 

Even if the U.S. does not elect to 
spend tens of billions on synthetic-oil 
facilities, coal-extraction technologies 
call for major improvement. It seems 
feasible to develop a fully automatic 
technology for mining coal under
ground. Where strip-mining remains the 
method of choice, the land can be prop
erly restored; not doing so is a social 
problem, not a technological one. In 
many of the empty regions where coal is 
strip-mined land sells for not more than 

INDUSTRY 30% 

ALLOCATION OF PRIMARY ENERGY RESOURCES is considered at the next higher 

level of assessment. Generation of electric power, transportation, industry and commercial 

and domestic consumers take roughly equal shares. In terms of end use the electric energy 

is divided between industrial, commercial and domestic use, with little for transportation. 

ENERGY UTILIZATION AND CONSERVATION 

HIGHEST TIER IN MOBILE halances energy provision with energy utilization and con· 

servation. The U.S. neglected the right half of the mobile until the energy crisis arose. 

$200 per acre, except where coal is 
present. To reclaim the land properly 
may cost $5,000 per acre in Appalachia 
and perhaps $10,000 or more per acre 
in some Western states, because of the 
arid climate and the need for long-term 
care. In contrast, the value of the coal in 
a two-foot seam in Appalachia may be 
$40,000 per acre and that in a 50-foot 
seam in the West may be $1 million per 
acre. Clearly the reclamation costs are 
small compared with the sale price of 
the coal but very large compared with 
the normal sale price of the land. A so
cial decision, one not based entirely on 
microeconomics, must be made on the 
value of the land to the society as a 
whole. 

The preceding assessment applies 
only to the next 50 or 100 years, certain
ly not longer. It would be compounding 
tragedy to convert any large fraction of 
the domestic coal reserves to liquid or 
gaseous fuels when coal hydrocarbons 
are so much more valuable as chemical 
raw materials. Eventually, as the U.S. 
and the world switch to energy technol
ogies based on virtually inexhaustible 
resources-fission, fusion and solar pow
er-coal will no longer be needed as a 
major fuel source. 

I have dwelt on the coal question be
cause it is an excellent example of issues 
that have deep roots both in technology 
and in society and that cannot be re
solved without serious and simultaneous 
attention to the consequence of various 
options. I shall discuss only briefly other 
issues associated with the allocation of 
primary energy resources. The U.S. is 
currently spending about $1.5 billion a 
year for research and development on 
new energy options. The total is only 
about 1.5 percent of the sum that the 
energy "industry" contributes directly 
to the gross national product and is thus 

well below the average research and de
velopment expenditure in other tech
nological sectors of the economy. The 
small scale of the budget for energy re
search and development is a strong clue 
to what has gone wrong. Of the $1.5 
billion more than half goes toward the 
provision of electric power, where the 
options are in the best order. An imbal
ance arises not because electric-power 
developments receive too much atten
tion but because other areas have re
ceived too little. 

We now move to the highest level in 
this hierarchical assessment of en

ergy: energy provision v. energy utiliza
tion and conservation [see lower illustra
tion above J. All the energy provided (the 
prodigious sum of 1.9 X 1014 B.t.u. per 
day for the U.S., or 11 kilowatts contin
uously for every person) goes some
where, and its rational use is only now 
receiving appreciable attention. The 
efficiency with which energy is con
sumed ranges from less than 5 percent 
for the ordinary incandescent lamp to 
perhaps 75 percent for a well-main
tained home furnace. The automobile 
engine (particularly since the installation 
of emission controls) has an efficiency of 
less than 20 percent. Modern fossil-fuel 
power plants are more than twice as ef
ficient. On the average probably less 
than 35 percent of all the B.t.u.'s con
sumed end up as comfort heat, useful 
work or visible light. Low as the figure 
is, it has probably quadrupled since 
1900. Up to the present time the allot
ment of funds for developing more ef
fiCient energy converters has been pal
try: perhaps a few percent of the total 
$ 1.5 billion budget for energy research 
and development. 

The imbalance is beginning to be cor
rected. For several years a few Federal 
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organizations have quietly and penuri
ously been studying how energy might 
be better utilized: the National Bureau 
of Standards, the Office of Emergency 
Preparedness and the Oak Ridge Na
tional Laboratory. Stimulated by real 
fuel shortages, their concern has become 
popular, reinforced by the enthusiasm of 
the environmentalists and conservation
ists. An Office of Energy Conservation 
was established in the Department of 
the Interior last year, with an annual 
budget of $6 million. 

Some energy-conserving and dollar
saving options are straightforward, easy 
to apply and have now received atten
tion: lower automobile speed limits, 
year-round Daylight Saving Time, a re
duction in "cosmetic" lighting, lowered 
thermostats and so on. A less well-known 
energy-saving option is the use of radial 
tires, which can reduce gasoline con
sumption 5 to 10 percent (because of re
duced friction between the tire and the 
road). Other options are easy to envision 
but more difficult to adopt: lighter auto
mobiles, for example, and commercial 
buildings designed to achieve comfort 
with minimum energy consumption. 

The study of energy conservation and 
rational energy utilization has lan
guished for simple reasons. Until now 
energy has been so plentiful and so 
cheap that there has been little incentive 
for people to be frugal. It has not been 
easy for the individual to perceive that 
his bargain in energy entailed large costs 
to the society as a whole. And even 
when the fact is pointed out to him, the 
individual rightly sees that any personal 
sacrifice he might make has only a min
uscule effect in ameliorating an environ
mental problem. The second big reason 
for the neglect of energy conservation is 
that industry is richly rewarded for sell
ing energy and energy-consuming de
vices. 

The various assessment mobiles I 
have discussed so far can be assembled 

into one large mobile that includes all 
the options laid out hierarchically [ see 
illustration on these two pages]. In this 
arrangement one can see that utilization 
and conservation, on the right half of the 
mobile, merits as much attention and 
effort as all the options dangling in five 
tiers on the left half of the mobile. Yet 
one small line at the bottom left, the 
liquid-metal breeder reactor, represents 
an option that will receive $320 million 
in Federal and private development 
funds this year: 20 percent of the entire 
national budget devoted to energy op
tions. What the mobile dramatizes is an 
embarrassment of blank space, where 
options are either absent or so poorly 
formulated that they have received little 
attention. 

Several suggestions for ameliorating fu-
ture energy difficulties have ap

peared in this discussion, coming mainly 
from reflection on new technical options, 
on conservation methods and on inter
national economic relations. We can see 
several other strategies being imple
mented in some measure today. One ap
proach involves a modified laissez faire, 
leaving parts of the problem to be solved 
in the marketplace; with increasing 
scarcity rising prices will bring supply 
and demand into some kind of balance 
and less energy will be wasted. To be 
sure, energy prices have been too low, 
but overreliance on this approach would 
work a hardship on many people. 

Another strategy is to expand domes
tic exploration and production of petro
leum fuels. The rocks of the continental 
shelves seem quite similar to the typical 
sedimentary rocks of the U.S. and Can
ada, so that they are believed to contain 
rich petroleum deposits. It is extremely 
risky to assume, however, that the off
shore reserve is adequate to meet an un
checked demand. It should be noted that 
the much-debated Trans-Alaska pipeline 
will at its peak carry only two million 

barrels per day. That amount will not 
provide much relief from a predicted 
import requirement of 11 million barrels 
per day in 1980. Even where an oil field 
is known to exist it takes from five to 
seven years to bring it into production. 
And on the continental shelf off the U.S. 
eastern seaboard the first hole remains to 
be drilled; the existence of oil is simply 
conjectured. 

Another strategy that is currently 
prominent is application of regulatory 
and other measures to limit energy use: 
taxes, allocations, rationing and outright 
bans. The strategy has the advantage 
that it can be designed for prompt effect. 
It is the only approach with this feature, 
and it is therefore invoked in this winter 
of fuel emergency. We should be aware, 
however, that such measures generally 
represent the failure of past policy (or 
the lack of any policy at all) and that the 
consequences of stringent regulatory ac
tions are hard to predict. For example, 
the 1971-1973 controls to combat infla
tion �ere a substantial failure. The Na
tional Energy Emergency Act sent to 
Congress on November 21 of last year 
relies heavily on emergency controls, 
and it will have little to do with rational 
long-term energy policy. On the other 
hand, regulations designed for long-term 
constructive effect have their place in a 
coherent energy policy. 

One may hope that from some combi
nation of all these possibilities a better 
energy program will emerge, involving 
the Federal Government, state govern
ments, industry and other sectors. Clear
ly the days are gone when parts of the 
problem could be denied or ignored, as 
for example when energy conservation 
and rational energy utilization were 

COMPLETED ENERGY MOBILE is grossly unbalanced. The 

attention given to energy provision far outweighs the attention to 

utilization and conservation. For projects concerned with energy 

provision the U.S. is currently spending some $1 .5 billion per year. 
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ignored by the President's office until the 
middle of last year. 

To choose any particular combination 
of energy strategies without much 
thought and analysis would be to com
pound the difficulties. An adequate na
tional energy policy must of course rise 
from basic decisions made by or on be
half of the country as a whole, decisions 
concerning national security, costs, the 
present and future quality of life and so 
on. When those decisions have been 
made, a planner can set down tentative 
desiderata-not yet firm decisions-about 
operational strategies. They would in
clude the degree of dependence on for
eign oil supplies, environmental stan
dards and the balance between exploi
tation and conservation of natural re
sources. Only then can planners arrive at 
detailed strategies to achieve selected 
goals: the technology of nuclear power, 
new types of automobiles and so on. The 
process is obviously not straightforward; 
decisions at each level affect conditions 
both above and below. 

These new intellectual and techno
logical thrusts have their organizational 
counterparts, and the old arrangements 
for dealing with energy, at least at the 
Federal level, are being swept away. In 
general the old ones were not impres
sive. Federal energy policy consisted 
mainly of a strong nuclear program 
(coming from a strong Congressional 
Joint Committee on Atomic Energy, and 
a legacy from earlier military programs), 

a favorable attitude toward petroleum 
companies (direct U.S. tax credits for 
foreign royalty payments, depletion al
lowances and so on), the benign neglect 
of coal and several fairly successful re
gional programs (the Tennessee Valley 
Authority, for example). Technical ac
tivities were mainly in the Atomic En
ergy Commission; some were in the De
partment of the Interior and some were 
scattered in other agencies. Regulatory 
commissions were only partly effective. 
(For example, the Federal Power Com
mission set natural-gas prices so low as 
to simultaneously destroy exploration 
initiatives and create an insatiable de
mand.) 

All of this is now changing rapidly. It 
is clear that more central coordination is 
required than the fragmented energy 
groups have managed heretofore. The 
optimum degree of coordination, how
ever, is an important question. Too little 
can accomplish little; too much can 
throw the operations of agencies and 
groups with legitimate energy interests 
into disarray. At least there is need for 
the coordination of policy, and Governor 
John A. Love's former Energy Policy 
Office seemed to be doing that. 

In jettisoning the Love office, the 
President sought a two-level approach. 
At the level of preparing technological 
options he proposed an Energy Research 
and Development Administration. This 
was to combine the energy-related activ
ities of the various Federal agencies. The 

About a fifth of this entire sum is devoted to work on a single mechanism, the liquid.metal 

fast breeder, which is represented by a single box at the extreme hottom of the mobile. 

chairman of the Atomic Energy Com
mission, at the President's request, came 
up with a $10 billion, five-year program 
for the development of alternative ener
gy technologies. These proposed expend
itures include many projects already 
planned. At the policy and executive de
cision level the President proposed a 
Federal Energy Administration, to be 
headed by William E. Simon. Arrange
ments like this could free up to some ex
tent the development of technological 
options, while giving the executive 
group freedom to pick and choose and 
to transcend narrow technical argu
ments. Congressional bills to implement 
these measures were introduced in the 
Congress by Senator Henry M. Jackson 
and Representative Chet Holifield. 

Also at both the technological and 
policy levels Senator Jackson's own bill 
(S. 1283) aims at each of these techno
logical and policy functions; through the 
allocation of $800 million per year of 
new funds for non-nuclear research, co
ordinating activities of the AEC, the De
partment of the Interior, the National 
Aeronautics and Space Administration 
and the National Science Foundation. 

In the House, meanwhile, Represent
ative Mike McCormack and his Sub
committee on Energy have considered 
not only a Department of Energy (not 
far from the President's ERDA-FEA 
proposal) but also the establishment of 
an integrated Department of Science 
and Technology. That is a still broader 
concept, requiring more public debate. 

Whatever the administrative out
come, I personally favor an authority 
that will decide about rationing (I favor 
that too) and other short-term measures. 
Simultaneously such an authority should 
make a careful assessment of the long
term possibilities before committing the 
nation to some very expensive acts of 
commission or omission. The technology 
of energy conservation, the development 
(but not yet massive deployment) of new 
fuels from coal and oil shale, the full en
vironmental costs of various fuel options 
all deserve careful study-not forgetting 
the important international repercus
sions of a change in the fuel-consuming 
habits of the U.S. 

The role of energy is too pervasive 
and the interests of the participants are 
too manifold for any expectation that 
there will be a simple consensus. It can 
nonetheless be hoped that the national 
debate will give rise to a better common 
understanding of the problem. Then 
some steps can be taken in the direction 
of probable improvement, and from that 
new vantage the view ahead will be a 
little clearer than before. 
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ELECTROCHEMICAL MACHINING 

Hard alloys are diffIcult to cut into complex shapes by conventional 

machining. They can be worked to a smooth finish in an electrolytic 

cell where the hard metal is . the anode and the tool is the cathode 

by James P. Hoare and Mitchell A. LaBoda 

T
he conventional approach to ma
chining a piece of metal into a 
particular shape is to use a tool 

that is made of a harder material and 
is employed to chip or scoop out the 
softer metal of the workpiece. This ap
proach runs into trouble when the piece 
to be machined is made of a high
strength alloy, because it may not be 
possible to find a tool material hard 
enough to do the job. Grinding tech-

niques, which rely on a moving abrasive 
tool, can be brought into play, but they 
are slow and the range of shapes that can 
be fashioned with them is limited. A new 
and promising method of shaping ex
tremely hard materials is electrochemi
cal machining. 

Electrochemical machining is essen
tially a process of controlled corrosion. 
The operation employs electricity to pro
duce chemical changes. They take place 
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ELECTROLYTIC CELL for electrochemical machining is depicted. The shaping tool, 

which is the cathode, and the piece being machined, which is the anode, are immersed in 

an electrolytic solution. The cathode and the anode are connected to a source of direct cur· 

rent and electrolyte is pumped between them as one electrode, in this case the cathode, is 

moved toward the other. Transfer of electrons between electrodes and ions in the electrolyte 

causes atom·by.atom removal of metal from the anode in a pattern established by the shape 

of the cathode. In a working cell the electrodes would be thousandths of an inch apart. 
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in an electrolytic cell, which contains an 
electrically conducting liquid (the elec
trolyte) that is in contact with two metal 
conductors (the electrodes) connected 
through an external circuit [see illustra
tion on this pagel. The current that 
moves through the electrodes and the ex
ternal circuit is carried by electrons, and 
the current that moves through the elec
trolyte is carried by ions, that is, atoms 
that have acquired a positive or negative 
charge by losing or gaining electrons. 
The electrode that carries electrons from 
the electrolyte into the external circuit is 
the anode, and the one that moves elec
trons into the electrolyte is the cathode. 
The key chemical changes occur at the 
electrode surfaces and are caused by the 
transfer of electrons between the elec
trodes and the ions. 

What happens in electrochemical ma-
chining is the atom-by-atom re

moval of metal by anodic dissolution. 
The piece of metal that is to be shaped 
(the workpiece) is made the anode and 
the metal tool giving rise to the shaping 
is made the cathode. They are connected 
to a source of low-voltage direct current. 
Then a strong electrolyte is pumped be
tween the two electrodes. Without any 
physical contact of the tool and the 
workpiece, metal is removed from the 
workpiece in a pattern established by 
the shape of the tool as current flows be
tween the electrodes. The rate at which 
metal is removed is not influenced by 
the hardness of the workpiece. More
over, the process does not produce work 
hardening or induce stresses in the ma
chined metal surface, which are both 
problems with conventional machining. 

These properties of electrochemical 
machining give it an UI;Iparalleled ad
vantage over conventional methods for 
machining the kind of metals commonly 
used in the aircraft and aerospace indus-
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OIL PADS recessed only 250 millionths of an inch below the sur

face of this hydrostatic bearing were machined electrochemically_ 

They are the hexagonal shapes spaced equally around the bearing 

surface. Pads as shallow and as smoothly finished as these could not 

be formed by grinding, which would be the conventional method 

of machining. Moreover, grinding or any other process involving 

direct contact between tool and workpiece would be costly and 

time-consuming, because the bearing is made of very hard steel. 
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tries, namely high-strength alloys de
signed to serve at high temperatures. 
Another advantage is that with a prop
erly designed cathode the process can 
yield complex shapes that are almost 
impossible to achieve by grinding. An 
example is the cutting and finishing of a 
square blind hole (a hole that does not 
go all the way through the workpiece) 
in fully hardened steel. Electrochemical 
machining achieves not only a Rat 
bottom but also exceptionally smooth 
machined surfaces (averaging .15 mi
crometer, or five microinches, in peak
to-valley roughness) with no scratches, 
burrs or grooves. 

Machining time is often greatly re
duced because the process eliminates the 
multiple operations required by con
ventional methods. For example, a job 
involving four or five conventional oper
ations over a period of hours may re
quire only one electrochemical machin
ing step taking up a few minutes. Since 
no pressure is applied to the workpiece, 
thin foils and honeycombs can be ma
chined without burring, warping, bow
ing or other distortions. 

On the other hand, electrochemical 
machining may in certain circumstances 
be more expensive than conventional 
methods, since considerable skill and 
time are required to design and build 
the cathode and the cell to achieve the 
desired cut and to ensure a uniform Row 
of electrolyte. If many identical work
pieces are to be machined, however, the 
cost of tooling can be recovered quickly 
because of the greater efficiency of the 
electrochemical machining operation 
and because there is virtually no tool 
wear. One other disadvantage of electro
chemical machining is that in certain 
electrolytes the fatigue properties of the 
surface of some materials may be altered 
by chemical attack at grain boundaries 
(the boundaries of the tiny individual 
crystals of the metal). 

Employing electrochemistry in work 
on metal surfaces is hardly a new 

idea; electrochemical removal of thin 
layers from metal surfaces has been 
practiced for many years in the indus
trial processes of electropickling (in 
which the surface is cleaned) and elec
tropolishing (in which the surface is 
cleaned and smoothed). Moreover, the 
concept of electrochemical machining 
was set forth in a British patent as long 
ago as 1929. The practice of electro
chemical machining, however, is rela
tively new. One problem in the early 
efforts was with the electrolyte, which 
was usually sodium chloride. Electro-
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chemical machining done with this elec
trolyte frequently yielded machined 
parts of insufficient precision. 

Over a span of some 15 years our 
group at the General Motors Corpora
tion Research Laboratories investigated 
the electrochemical machining proper
ties of several hundred possible electro
lytes. In 1967 we reported that a solu
tion of sodium chlorate (NaCI03) is a 
superior electrolyte for the electrochemi
cal machining of ferrous metals from the 
standpoint of good dimensional control 
and excellent surface finish obtained at 
high rates of metal removal. In the light 
of these standards let us examine more 
closely how the process works. 

Suppose a sample of metal such as 
iron foil is put in a corrosive liquid such 

a 

as a 10 percent solution of sodium chlo
ride. Iron goes into solution as each atom 
of iron gives up two electrons to the 
metal phase and the resulting ferrous 
ion enters the solution phase. If this 
oxidation reaction (that is, this loss of 
electrons) were the only process taking 
place, a negative charge would build up 
on the surface of the metal until the 
electrostatic attraction between the neg
atively charged metal surface and the 
positive ferrous ions in solution over
came the driving force of the oxidation 
reaction. Metal dissolution would cease. 

If corrosion is to proceed, there must 
be a sink for the electrons. Such a sink is 
provided by reduction processes, which 
come about in the following way. The 
sites on a metal surface are not equal-
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SHAPING OPERATIONS that are possible with electrochemical macbining include the six 

shown in these drawings. In lathing (a) the cathode is fixed in position while the rod· 

like anode is rotated below it, producing in the rod a shape established by the pattern of tbe 

sharp edge of the cathode. A cavity of complex shape can be machined in a block of metal 

in a single electrocbemical operation called die sinking (b). External shaping (c) of a part 
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ly active electrically. As all oxidation 
process takes place at a high-energy site 
such as a peak, a reduction process (in
volving a gain of electrons) may occur 
at a low-energy site such as a valley. For 
example, molecular oxygen (02) dis
solved in the liquid phase gains electrons 
and becomes water (H20) in an acid me
dium or a neutral one or becomes hy
droxyl ions (OH-) in an alkaline medi
um. Another example is the evolution of 
molecular hydrogen (H2) by the dis
charge from the liquid phase of positive 
hydrogen ions (H +) in an acid medium 
or of water molecules in a neutral or an 
alkaline medium. 

Electrons flow through the metal from 
the oxidation sites to the reduction sites. 
The circuit is completed by the move-

ment of ions through the liqliid phase. 
This system is known as a local cell. 

Since the surface of the metal has the 
same electrical potential at all points, 
the anodic and cathodic reactions have 
to proceed at this potential. It is called 
the mixed potential. To achieve anodic 
and cathodic reactions at the mixed po
tential the reactions in a local cell must 
be polarized from their respective equi
librium potentials to the mixed poten
tial by the passage of current through 
the local cell. This polarizing current is 
called the corrosion or local-cell current. 
All wet corrosion of metal proceeds by a 
local-cell mechanism. 

Most local-cell processes are slow be
cause they are under cathodic control. 
They are also limited by the slow diffu-

sion of reactants to the reduction (cath
odic) sites on the corroding metal sur
face. If, however, one puts the corroding 
metal in contact with a "nobler" (less 
active) metal on which the cathodic re
action can proceed more easily, the cor
rosion current and hence the rate of dis
solution of metal can be increased 
Significantly. (This process is called bi
metallic corrosion and must be guarded 
against in the design and construction 
industries. One often sees the result of 
bimetallic corrosion in the rapid and 
catastrophic destruction of a molding 
that is made of aluminum or magnesium 
and attached with iron or steel fasteners 
to the walls of a high-humidity area such 
as a bathroom.) 

The corrosion current can be in-
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such as the blade of a turbine is done with a cathode shaped in the 

contours of the blade. With two cathodes both sides of the blade 

can be machined simultaneously. Internal grooving (d) involves a 

cathode in which only a small "window" is electrically active. If 

the tool is turned as it is passed through the inside of the work. 
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pieee, a helical pattern like the rifling or a gun barrel can be 

achieved. Wire cutting (e) removes a large piece of metal from 

the workpiece. The cathode is a heavy wire or a thin tube. Plunge 

cutting (f) employs a hollow tube as the cathode. Electrolyte is 
pumped through the cathode to cut a hole in a metal casting. 
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MACHINED GEARS were finished by two processes. Both gears were made by a gear·cut· 

ting machine, but the one at left was finished conventionally and the one at right was fin. 

ished by electrochemical machining, a process that produced a much smoother surface. 

LEAD SCREW designed for pumping oil or gas in a close·fitting seal was given its shallow 

threads by electrochemical machining. Grinding could cut the hard metal but could not 

make the triple.thread shape. Lathing could make the threads but could not cut the metal. 

HOLE IN BUSHING was drilled originally by conventional processes. Then part of it was 

enlarged by electrochemical machining. The electrochemical process was able to produce a 

sharp shoulder, which in this sectioned bushing is the distinct line at right center of the 

hole. Electrochemical machining also produced a smoother bore than original drilling. 
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creased still more if an external potential 
is applied to the corroding metal, mak
ing it the anode of an electrochemical 
cell. The circuit is completed by a coun
terelectrode (the cathode) separated 
physically from the anode by an electro
lytic solution. With this arrangement 
only the anodic process-that is, the oxi
dation process-operates at the corroding 
electrode. The rate of anodic corrosion 
can be increased or decreased by raising 
or lowering the applied electrical po
tential. 

For electrochemical machining to be 
commercially competitive with con

ventional machining techniques, which 
remove metal at a rate of about two
tenths of a cubic centimeter per second, 
extremely high current density is re
quired. Typically the current is between 
50 and 500 amperes per square centi
meter. In practice the upper limit to the 
density of current that can be achieved 
is fixed by the availability of high
capacity rectifiers, which convert alter
nating current to the direct current re
quired by the system. 

With the passage of such high cur
rents the path the electrolyte follows be
tween electrodes must be kept short to 
prevent an intolerably high voltage from 
developing. The gap between electrodes 
typically ranges from .005 to .13 centi
meter. In other words, the tool and the 
workpiece are only a matter of thou
sandths of an inch apart. 

As the electrochemical machining 
process continues, metal is removed 
from the anodic workpiece, widening 
the gap and therefore reducing both the 
current and the rate at which metal is re
moved. In order to compensate for these 
variations the distance between the an
ode and the cathode must be maintained 
by a mechanically driven feed system. 
One electrode is held stationary and the 
other is moved. 

If the moving electrode advances too 
rapidly, it can short-circuit the anode 
and the cathode, causing catastrophic 
spark-erosion damage to the cathodic 
tool and melting, welding and mechani
cal tearing of the workpiece. To prevent 
such a costly accident protective sensing 
devices are typically employed to shut 
down the current within microseconds 
when the gap closes to less than a speci
fied safe value. The devices usually 
work by detecting a rapid increase in 
current. 

For a given rate of feed and a given 
voltage applied across the anode and 
the cathode the system rapidly comes 
automatically to an equilibrium gap dis-
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tance. Consider a system where the rate 
of feed is causing the gap to diminish. 
As the gap narrows, the density of cur
rent increases because of a decrease in 
what electrical engineers call the "IR 
drop" (after Ohm's law, which states 
that the current [ times the resistance R 
equals the electromotive force E, which 
is also called the potential or the vol t
age). The increased current, however, 
produces an increase in the rate at which 
metal is removed, thereby tending to in
crease the gap between electrodes. The 
opposing forces-feed rate tending to 
narrow the gap and current density 
tending to widen it-soon balance to 
achieve the equilibrium gap between the 
tool and the workpiece. 

Since the electric current Howing 
through the system is large, the electro
lyte tends to heat up. Indeed, if the elec
trolyte were allowed to remain station
ary in the gap between the electrodes, 
the heat would soon vaporize the liquid 
and bring the process of metal removal 
to a halt. Therefore the electrolyte must 
be pumped through the gap at a high 
rate of How. 

Here, however, another problem 
arises. The increase in temperature from 
the time the electrolyte enters the gap to 
the time it leaves has been found to be 
about 45 degrees Celsius (113 degrees 
Fahrenheit). A rise this large can cause 
an increase of as much as 100 percent in 
the specific resistance of the electrolyte 
and 50 percent in its viscosity. Anything 
that affects the conductivity of the elec
trolyte, as these changes do, alters the 
current density and therefore affects the 
rate at which metal is removed. To pre
vent uneven removal of metal at hot 
spots in the gap the rise in temperature 
as the electrolyte moves through the gap 
should be kept below 10 degrees C. 
Therefore the flow line of the electrolytic 
system is ordinarily equipped with a 

heat exchanger. 
The temperature rise can be reduced 

by increasing the rate of flow of the elec
trolyte. An excessive rate of How, how
ever, can lead to a pressure gradient 
along the gap that is high enough to 
bring about cavitation, that is, sponta
neous formation of bubbles of vapor in 
the solution at points of negative pres
sure. Cavitation breaks up the solution 
and also produces a general roughening 
of the machined surface. At high rates 
of flow cavitation can be reduced and 
even eliminated by proper design of the 
components of the system. In any case 
the rate of How of electrolyte must be 
uniform in order to achiel'e a uniform re
moval of metal. 
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JET·ETCHING ASSEMBLY is portrayed schematically. If the cathode is held still, the set· 

up serves for drilling holes in a metal panel. If the cathode is moved, a groove is etched in 

the panel, as shown here. The apparatus forces a jet of electrolyte solution against the pan· 

el with compressed air. Splash container collects electrolyte, which is then recycled. 

Another reason for keeping the rate 
of How high is to remove corrosion prod
ucts from the gap. If the electrolyte be
comes contaminated with grains of metal 
or other substances, the rate of How 
becomes uneven, the distribution of cur
rent becomes nonuniform and the sur
face finish is poor. To avoid this problem 
it is best to fit the flow line of the electro
lyte with a filter. 

Electrochemical machining is a highly 
versatile process, so that a considerable 
variety of machining operations can be 
accomplished with it [see illustrations on 
pages 32 and 33]. For example, external 
shaping can machine turbine blades for 
the jet engines of aircraft. The cathode 
tool is designed to fit the contours of the 
finished blade; with a pair of shaped 
cathodes both sides of the blade can be 
machined simultaneously. 

Highly complex cavities can be ma
chined quickly (and with acceptable sur
face finish) in fully hardened blocks 
of metal by a single electrochemical 
machining operation known as die or 

cavity sinking. The tool is fashioned in 
the shape of the desired cavity. The 
shaped cathode is moved toward the 
anodic block of metal while an electro
lytic solution is pumped between thc 
electrodes. As the tool approaches the 
surface of the workpiece, metal is re
moved from the high spots first and from 
lower spots with deeper penetration of 
the tool. When the tool has completely 
entered the workpiece, the current be
comes relatively constant at all points. 

A process known as plunge cutting is 
employed to cut holes in a metal 

casting. The cathode tool is a hollow 
tube through which the electrode is 
pumped; its shape is determined by the 
cross section of the desired hole. Since 
metal is to be removed only at the bot
tom of the hole, the sides of the tube are 
electrically insulated with a nonconduct
ing film such as a coating of epoxy resin. 
Stray current invariably causes a certain 
amount of tapering of the hole, but the 
problem can be minimized by proper de-
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sign of the cathode and a proper choice 
of electrolyte. 

The nature of the process is such that 
the circumference of the bottom of the 
hole is machined more rapidly than the 
interior, so that at all times a small Ve
suvius-a convex slug of metal-riscs 
from the floor of the hole. It is possible 
for this slug to topple against the inside 
wall of the cathode, causing a short cir
cuit. To avoid this hazard and also to 
prevent a loss of pressure in the electro
lyte when the tool has worked its way 
completely through the casting, a false 
or backup workpiece can be attached to 
the bottom of the anode. The metal that 
will form the slug is held to the backup 
plate by a screw. 

Electrochemical machining can also 
serve in lathing, trepanning, internal 
grooving and wire cutting. In lathing the 

rodlike workpiece is turned under a 
knife-edge cathode, which remains in a 
fixed position, to achieve symmetrical 
contouring of the rod. In trepanning a 
hollow cathode shaped according to the 
specified pattern lifts parts of complex 
shape and uniform thickness from a met
al slab. Internal grooving is achieved by 
passing a thin or pointed cathode down 
the inside of a hollow cylinder that is 
connected as the anode. If the cylinder is 
rotated, helical grooving of the internal 
surface (similar to the rifling in a gun 
barrel) is achieved. ''''ire cutting is an 
operation that roughs out a large volume 
of metal. A heavy wire or a thin metal 
tube is passed through the workpiece. 
The electrolyte is streamed over the 
workpiece or through the tube and out 
of fine holes in the tube cathode. 

A new application made possible with 

I---.,'-----t------- ANODE 

the development of sodium chlorate as 
an electrolyte is embossing of both rela
tively fine and somewhat gross patterns 
on finely finished steel surfaces. For ex
ample, we have machined oil pads in 
hearings with excellent results in terms 
of geometrv and depth control [see illus
tration 011 page 31]. In a typical opera
tion bearing pads were electrochemical
Iv machined to a depth of .00062 centi
meter (.00024 inch) with a variation of 
Hatness at the bottom of .000062 centi
meter (.000024 inch). Machining such 
designs bv conventional methods is cost
Iv and time-consuming. Indeed, conven
tional techniques are confined to opera
tions where dimensions are no shallower 
than .0013 centimeter (.0005 inch). A 
similar type of electrochemical machin
ing can be employed to cut threads in a 
blank steel shaft in the production of 
lead screws. Once the proper alignment 
and spacing of the tool and the work
piece have been achieved, thousands of 
identical parts can be produced daily. 

A. limitation of electrochemical ma
� chining operations is that they can
not be employed to machine large areas, 
which would require unobtainable 
amounts of electricity. With a rectifier 
having a capacity of 10,000 amperes 
only 260 square centimeters (40 square 
inches) can be machined at a current 
density of 40 amperes per square cen
timeter (250 amperes per square inch). 
vVith a limited-area cathode that travels 
past the anode, however, metal can be 
removed from large areas without the 
need for large line currents. An example 

.. __________ -+-_ CATHODE of this process is the electrolytic broach 
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ELECTROCHEMICAL MACH]NE set up to size and finish a bushing is shown in cross sec· 

tion. The bushing is the anode. Electrolyte is pumped over the cathode and through the 

hushing. A splash shield covers the top of the machine, and the draining electrolyte goes 

through the outlet to a reservoir for recycling. This machine, which was huilt for experi· 

mental work in the authors' laboratory, is approximately 12 in("hes high and ]0 inches wide. 
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machine, in which the inside diameter of 
a workpiece is sized and finished by 
passing a cathode through the anode. 
vVe have been able to move a cathodic 
"window" through an anodic area 51 
centimeters (20 inches) long in 20 sec
onds-a machining rate that is com
mercially practical. The outside diame
ter of a cylindrical casting can be sized 
and finished by passing a cathode of 
toroidal shape over it. 

In the light of the applications we 
have described and of the development 
of the limited-area-cathode principle, we 
can predict a bright future for electro-
chemical machining. There is no doubt 
that electrochemical machining in its 
various forms can perform many manu
facturing operations better and more 
economically than present methods do. 
''''e recommend that manufacturers de
velop their own body of knowledge and 
experience in this field so that the unusu
al capabilities of the process can be ex
ploited. 

© 1973 SCIENTIFIC AMERICAN, INC



HOLE IS DRILLED in a block of metal by an electrochemical rna· 

chine in the authors' laboratory. At left the cathode tool is poised 

above the anode workpiece before drilling starts. The white coat· 

ing on the tool is an insulating layer of epoxy resin that confines 

the cutting to the bottom edge of the tool. At right electrolyte fans 

out of the hole being cut in the workpiece. The electrolyte is 

pumped through center of cathode at high pressure. A gauge at· 

tached to the machine records the penetration of the cutting tool. 
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The Nervous System of the Leech 
A repetiti()e array of ganglia with a few cells constitutes this simple 

central ner()ous system. Study of the cells' properties and connections 

explains certain beha()ioral reflexes and shows how they are modified 

The signals with which nerve cells 
transmit information are essential
ly the same throughout the animal 

kingdom. As a result many problems in 
nerve physiology have been approached 
successfully through the study of animals 
with particularly large nerve cells that 
are amenable to experimentation. The 
mechanisms of the conduction of the 
nerve impulse and the active transport 
of ions into and out of nerve cells, for 
example, were first elucidated in the 
large peripheral nerves of the squid. 
The principles learned in these and oth
er invertebrates were later found to be 
essentially identical with those that gov
ern the same processes in the more com
plex nervous systems of vertebrates, in
cluding mammals and even man; rather 
than being a roundabout way, the ap
proach by way of invertebrates proved 
to have been a shortcut. When neuro
physiologists started to explore how in
teractions among large numbers of cells 
lead to coordinated behavior, it was 
therefore natural to look for experimen
tal material among the invertebrates, 
including the leech. Why the leech? 

1£ an investigator interested in study
ing general principles of neural organi
zation were asked to design the ideal 
experimental animal, he would probably 
pave no trouble prescribing its charac
teristics. The brain should contain rela
tively few cells, perhaps only a few hun
dred, so that the functional properties of 
each cell could be analyzed in detail. 
The individual cell bodies should be 
large enough to be impaled with micro
electrodes and to be studied by bio
.chemical techniques, yet the entire brain 
should also be small enough to be sec
tioned serially for electron microscopy. 
The synaptic connections between cells 
should be sufficiently intricate to pro
duce complex behavior in the animal 
and yet simple enough to be traced 
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electrically and anatomically, and they 
should be subject to modifications that 
alter the animal's behavior. Finally, the 
reproductive cycle of this all-purpose 
animal should be short enough to allow 
study of the genetic factors responsible 
for the blueprint that is followed during 
development. 

Unfortunately there is no nervous sys
tem with all these qualities, some of 
which are mutually exclusive. And so 
one has to make do with different ex
perimental preparations for studying 
various aspects of the nervous system's 
function. For example, the relatively 
small brain of the fruit fly Drosophila 
and of certain small nematode worms 
are being used to analyze the genetic 
factors that determine the formation of 
neural connections. Certain mollusks and 
crustaceans, which are not amenable to 
genetic studies because of their slow de
velopment, have particularly large neu
rons that are very useful for investigat
ing the biochemistry of individual cells 
and the physiological connections that 
underlie reflex behavior. We have found 
that the leech provides a convenient sys
tem in which to explore a variety of 
problems, including neural speCificity, 
synaptic transmission, integration, plas
ticity of behavior and regeneration of 
connections. The experiments described 
here were started in 1966 at the Yale 
University School of Medicine with Den
is A. Baylor, who played a crucial role 
in formulating and defining the prob
lems and techniques, and were then con
tinued at Yale and at the Harvard Medi
cal School by Ann Stuart, Dale Purves, 
Jan Jansen, Kenneth J. Muller, Damien 
Kuffier, Gunther S. Stent and us. 

Our approach has been to analyze the 
nervous system cell by cell. The leech 
has only a small number of nerve cells 
performing any particular function. For 
example, one sensory cell innervates a 

large patch of skin that in the mamma
lian nervous system would be supplied 
by many cells. As a result one can selec
tively activate a single sensory nerve cell 
by natural stimulation and thereby set 
up a simple reflex. The chain of events 
that this stimulus to the animal sets in 
motion can then be followed sequential
ly through the nervous system, again by 
looking at individual elements. Much of 
the initial effort has been to identify the 
sensory and motor nelve cells that take 
part in certain reflexes and then study 
the behavior of these neurons and 
their electrical characteristics when they 
are active. Such preliminary but precise 
knowledge is essential before one can 
turn to the problem of how the perform
ance of a neuron is modified by its pre
vious history of activity and what the 
consequences are for signaling in the 
central nervous system. Another divi
dend of knowing the connections in de
tail is that one can study how individual 
nerve cells regenerate to form connec
tions after their fibers have been sev
ered by a lesion. This raises the impor
tant question of neural specificity, which 
in turn has a bearing on how one thinks 
about the genetic factors involved in 
laying down the nervous system during 
development. 

I n the nerves of both higher and lower 
animals it is the cell membrane that, 

through its selective permeability to dif
ferent ions, enables the nerve impulse to 
be set up and to propagate. Many exper
iments have shown that nerve cells in in
verte brates are very similar to those in 
our own bodies with respect to both 
structure and signaling. In each instance 
the neuron produces electrical potentials 
about a tenth of a volt in amplitude, last
ing for a small fraction of a second. Like 
the brief dots and dashes of Morse code, 
these are stereotyped signals that con-
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MEDICINAL LEECH Hirudo medicinalis has a body consisting 

of a number of segments that are almost alike except at the two 
ends. The surface of most segments is divided into five circum· 
ferential rings, the annuli; the central annulus of each segment is 
marked by small sensory organs called sensillae. The nervous sys· 

tern (color), which lies along the ventral side of the animal shown 

in this view from below, consists of a series of stereotyped ganglia, 
one for each segment. There are two "brains," one at each end, 
made up of fused ganglia. The suckers are for locomotion and 
the one at the head also serves for attachment to blood donors. 

vey information from one end of the cell 
to the other. Information is passed on 
from one cell to the next at the synapses, 
where many incoming axon fibers con
verge on a postsynaptic target cell. In 
general, transmission across the synapse 
is effected by the release from the pre
synaptic terminals of a specific chemical 
substance : the transmitter. Some trans
mitters excite the next cell, causing it to 
emit impulses ; others tend to inhibit it, 
damping its activity. Both excitatory and 
inhibitory synapses are found in all ner
vous systems, and their mode of opera
tion is similar in principle. Cells can also 

DORSAL 

BRANCH. 

POSTERIOR 

ROOT 

interact through electrical synapses, 
where current flows directly from one 
cell to the next without the intervention 
of a chemical transmitter. 

The principal advantages of the leech 
arise from the simplicity of its body plan, 
which is reflected in the structure of its 
nervous system. Both the body and the 
nervous system are made up of a num
ber of very similar repeating units, and 
behavior consists of a relatively simple 
repertory of movements performed by 
well-defined groups of muscles. Each 
segment of the body is innervated by a 
ganglion. (Even the specialized "brains" 

DERMIS 

VENTRAL SINUS 

at the head and tail are simply fused 
ganglia in which many characteristic 
features can still be recognized. ) The 
ganglia are similar within one animal 
and also from one animal to the next. 
Each ganglion contains only about 350 
nerve cells, which have characteristic 
shapes, sizes, positions and branching 
patterns. A ganglion innervates a well· 
defined territory of the body by way of 
its roots , which are paired bundles of 
axons, and it communicates with neigh
boring and distant parts of the nervous 
system through axon bundles called con
nectives. A segment and its ganglion can 

LEECH'S NERVOUS SYSTEM (color) is enclosed in a blood ves· 
sel. The ganglia are linked by paired connectives, each serving one 

side of the ganglion; from each ganglion bundles of nerve fibers 
extend through two roots on each side to supply the skin and 

muscles. The body wall contains a set of layered muscle sheaths. 

Contraction of the circular muscles elongates the animal. The Ion· 

gitudinal and oblique muscles bend or shorten the body; the dorso· 
ventral muscles flatten it. The diverticuli are large outpocketings of 

the intestine. An adult leech is generally about 1/4 inch wide and 
one to four inches long depending in part on time of its latest meal. 
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SEGMENTAL GANGLION is enlarged about 85 diameters in the 
photomicrograph at left and is mapped in the diagram at right. The 
outlines of individual cells are seen clearly; from them fibers ex
tend in paired connectives to neighboring ganglia and, through the 
roots, to the skin, viscera and muscles. The seven sensory cells on 
each side of the ganglion include three touch cells (T), two pres· 

sure cells (P) and two nociceptive cells (N), which respond respec· 
tively to a light touch, stronger pressure and still stronger noxious 
stimuli. Two motor nerve cells, the annulus·erector cells (AE), are 
also labeled. This is the ventral, or bottom, surface of the ganglion; 
the "large longitudinal" motoneurons, which are also involved in 
some of the authors' experiments, are on the dorsal surface. 
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INDIVIDUAL CELLS are stimulated, and their potentials reo 
corded, with fine glass electrodes. With the setup shown here a cell 
can be stimulated by injecting a current into it; the stimulated cell 
produces an impulse (dark color), which is recorded through the 
same electrode. The impulse may also cause a cell with which the 
stimulated one connects to produce a synaptic potential (light col· 
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or), which can also be recorded. The three records (bottom) show 
the characteristic impulses of the three kinds of sensory cell: touch, 
pressure and nociceptive. The raised portion of the black traces 
shows the duration of the stimulating current. The colored traces 
are the impulses; each is an oscilloscope graph of the potential 
across the cell membrane in millivolts, plotted against time. 
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be studied alone or together with several 
adjacent segments. 

Many distinguished anatomists have 
studied the nervous system of the leech 
in great detail. In the beautiful drawings 
the Swedish anatomist Gustaf Magnus 
Retzius made more than 80 years ago he 
not only recognized individual cells but 
also grouped them into classes on the 
basis of morphological features. Later it 
was confirmed that his groupings had 
real functional validity, so that Retzius' 
drawings are still useful for physiologi
cal studies. The three cells in one Retzius 
drawing, for example, have distinctive 
electrical membrane properties and a 
specific functional role: they are the sen
sory cells that respond to a light touch 
applied to well-defined areas of skin [see 
�op illustration on this page]. Two other 
kinds of sensory cells respond specifical
ly to pressure and to noxious stimulation 
of the skin. Each type of cell-touch, 
pressure and "nociceptive" -can be rec
ognized by morphological criteria, and 
the identification can be clinched by re
cording its membrane's electrical prop
erties .  The technique is to insert a fine 
electrode into a cell, stimulate the cell by 
passing a current into it and then record 
the electrical impulses the cell emits. 
These action potentials, in the case of a 
touch cell, are similar to but smaller and 
briefer than those in the pressure or the 
nociceptive cells. Nociceptive cells are 
also distinguished by a particularly large 
transient increase in membrane poten
tial (called a hyperpolarization) that fol
lows the impulse. lu motor nerve cells 
the impulses and electrical properties 
are again different and quite distinctive. 
With practice one can look at a single 
action potential and usually be certain 
which kind of cell the electrode is in. 

The branching patterns of a cell can 
be traced by injecting the fluorescent 
dye Procion yellow or by stimulating 
and then recording from its axons in 
roots and connectives.  In addition to the 
major branches running through roots 
and connectives there are many such 
processes within the neuropil, the region 
in the center of the ganglion where syn
aptic connections are made. Although 
the structure is highly complex, the fin
gerprint of each cell is distinctive and 
characteristic. One can determine the 
pattern of the synaptic connections be
twe�n cells by stimulating and then re
cording with intracellular electrodes. Al
though the synaptic potentials arise at a 
distance from the cell body, within the 
intricate neuropil, they are close enough 
to be recorded at the cell body. 

A convenient preparation for identify
ing the sensory and motor cells in a 

TOUCH CELLS are seen in a drawing made in 1891 by the Swedish anatomist Gustaf Mag. 
nus Retzius (le/t) and in a preparation made in the authors' laboratory (right). The Retzius 

drawing shows three touch cells and their branching processes, which run through the 1'oots, 
through connectives and toward the center of the ganglion to form synapses with other cells. 

In the ganglion on the right one such touch cell was injected with the fluorescent dye 
Pro cion yellow. The similarity of its branching processes to those of one of the Retzius 
cells illustrates the high degree of precision in the neuronal geometry of the leech. 

ganglion is made by removing part of 
the body wall of the leech and the gan
glion or ganglia innervating it. Contrac
tions of the musculature can still be elic
ited by sensory stimuli, and the prepara· 
tion survives well in a physiological salt 
solution for more than 12 hours. In such 
a preparation one can study simple re-

ROOTS --

. ___ . '�� 'j NEUROPIL cop /' 

<E- ANTERIOR POSTERIOR"""" 

Hexes in considerable detail. For exam
ple, when one touches or presses the 
skin of the leech, it responds by shorten
ing first the affected segment and then 
adjacent segments. This reflex resembles 
in several respects the familiar knee jerk 
in man, but in the leech one can hope to 
analyze all the nerve cells that play a 

PROCESSES OF THREE SENSORY CELLS and of a motor nerve cell are shown. The 
drawings are based on serial sections of ganglia in which individual cells had been stained 

with Procion yellow. The touch (T), nociceptive (N) and pressure (P) cells send fine 
processes into the neuropil, the area in the center of the ganglion where they form 
synapses with other cells-including the large longitudinal motoneuron (L). The L cell 
sends its axon across the ganglion to innervate the longitudinal muscle on the opposite side. 
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RESPONSES OF SENSORY CELLS to stimulation of the skin are compared. The experi
mental preparation is a segment of the hody wall to which a ganglion remains attached by 
its roots. When simultaneous recordings were made from touch and pressure cells while the 
skin was touched lightly, the touch cell fired hut the pressure cell did not (a). Pressing with 
a force of seven grams caused a maintained discharge in the P cell and brief, adapting dis
charges in the T cell (b). When pressure and nociceptive cells were compared, the seven· 
gram stimulus fired the P but not the N cell (c); a 21-gram stimulus fired both cells (d). 
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part first in the convergence of informa
tion from the skin to the central nelVOUS 
system and then in its movement back 
out toward the muscles. First we shall 
describe the motor cells that innervate 
muscles and produce movements and 
then the sensory cells that converge on 
them and are activated by stimulation of 
the skin. 

To determine whether a particular cell 
is a motoneuron, the first thing to do 

is to stimulate it through an intracellular 
electrode and see if some part of the 
body wall contracts. If movements oc
cur, a number of additional tests must 
then be made to confirm that the axon 
of the stimula1ed cell synapses directly 
on the muscle fibers. (Many cells that 
have quite different functions can pro
duce contractions indirectly by activat
ing motoneurons.) So far 17 pairs of mo
toneurons that meet these criteria have 
been identified. The cells of each pair lie 
symmetrically on the two sides of the 
ganglion. These 34 cells probably con
stitute most of the motoneurons in the 
leech, which performs only a limited 
number of simple movements. These in
clude shortening its body in response to 
cutaneous stimuli, swimming, twisting 
and walking like an inchworm by using 
its suckers. The main muscles that exe
cute these movements are arranged in 
three layers. Directly under the skin 
there are circlil ar fibers that contract to 
elongate the animal. Next come criss
crossed oblique fibers and, deeper still, 
powerful longitudinal fibers used for 
shortening and bending. In addition 
there are groups of muscles that flatten 
the animal and that erect bumps (like 
goose pimples) on the annuli, the cir
cumferential rings on the animal's skin. 
Each motoneuron innervates only one 
of the muscles described above and, in 
each muscle, only a fraction of the mus
cle fibers. 

We shall consider one Il1{)tor cell in 
detail, the "large longitudinal" moto
neuron. It is on this L cell that sensory 
cells of different modalities converge to 
produce shortening reflexes in the ani
mal. The axon from an L cell runs to the 
body wall on the opposite side, where it 
innervates longitudinal muscle fibers of 
the segment on that side to produce a 
rapid shortening of the segment. The 
paired L cells on each side of the gan
glion are coupled electrically, so that 
their impulses are synchronous and they 
act as a unit. This is a good example of 
the functional design of cell connections: 
the coupling coordinates the two sides 
and ensures that the body shortens even
ly. The L cell is not used in swimming or 
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RECEPTIVE FIELDS 011 the skin of normal touch and pressure 

cells overlap slightly. The fields of each of three touch cells were 
mapped by touching the skin and marking positions from which re

sponses were obtained (a). Cells were driven most effectively by 
touching at the renter of their fields. A similar experiment mapped 

the fields of the two normal pressure cells (b). An abnormal gan

glion with three pressure cells instead of two on a side was studied 

(C I. Careful mapping revealed that the receptive fields of two of 
them \ P 2 and P:1) overlapped almost completely; in this case it ap
pears that two cells are doing the job normally done by one cell. 

to bend the animal upward, sideways 
or downward; these movements are 
achieved by other motoneurons that in
nervate narrow bands of longitudinal 
muscle fibers on the back, sides or bot
tom of the animal. 

The sensory input to the segmental 
ganglia can also be readily analyzed. 
The touch (T) cells fire in response to a 
light touch on the skin surface. Indenta
tions of .05 millimeter or less are effec
tive; indeed, T cells are so sensitive that 
they respond to the movement of fluid 
over the skin. The sensory discharge of a 
T cell in response to sustained indenta
tion slows down rapidly and usually 
ceases within a fraction of a second, but 
a maintained discharge of impulses can 
be elici ted if the tactile stimulus is 
moved back and forth within the recep
tive field: the area of skin over which the 
cell responds to touch. The pressure (P) 
cells respond only to a marked deforma
tion of the skin and their discharge is 
maintained, often for 10 to 20 seconds or 
more, if the pressure is sustained. The 
frequency of the discharge is proportion
al to the extent of the indentation. Light 
touch is ineffective in driving these cells, 
whereas a pressure of several grams ap
plied through a blunt stylus is enough to 
produce a high-frequency discharge. 
The nociceptive (N) cells require still 
stronger mechanical stimuli. The high
est-frequency and best-maintained dis
charge is evoked by a radical deforma
tion, such as pinching the skin with for-

ceps or scratching it with a pin. The N 
cells, like the pressure cells, give a 
steady discharge, and they often con· 
tinue to fire after the stimulus has been 
removed. 

The three kinds of sensory cells-14 
cells per ganglion-respond specifically 
and selectively to mechanical stimuli 
and are not activated by even large 
changes in the temperature, acidity or 
osmotic pressure of the bathing fluid. 
There is a striking parallel between 
these mechanosensory cells in the leech 
and those that innervate the human skin, 
which also distinguish among touch, 
deep pressure and noxious or "painful" 
stimuli. A number of experiments indi
cate that these cells in the leech are true 
sensory cells rather than second- or third
order neurons driven only indirectly by 
sensory neurons in the periphery, and 
that they are the principal cells convey
ing sensory information about touch, 
pressure and noxious mechanical stimuli 
to the segmental ganglia. 

Each of the 14 sensory cells inner
vates a clearly defined area of skin and 
responds only to stimuli applied within 
one of these circumscribed receptive 
fields. The boundaries of a field can be 
identified by landmarks such as the seg
mentation and the coloring of the skin, 
so that one can predict which cells will 
fire when a particular area is touched, 
pressed or pinched. Each cell innervates 
a region somewhat larger than one seg
ment (seven to nine annuli rather than 

five). Consequently two cells of the same 
modality in adjacent ganglia supply an 
area of skin at the boundary of a seg
ment. On the other hand, there is little 
overlap of the receptive fields of the 
cells in one ganglion that serve the same 
modality. A touch cell, for example, in
nervates either the dorsal, the lateral or 
the ventral part of the skin [see illustra
tion above 1; the overlap is only in the 
millimeter range, or about the width of 
an annulus. A similar strict territorial 
distribution, with a comparable degree 
of overlap, holds for the pressure and 
nociceptive cells. Moreover, within the 
receptive field of a single cell the terri
tory for each axonal branch is a distinct 
subdivision. 

These observations demonstrate the 
high degree of specificity displayed 

by individual cells. To learn what fac
tors determine the extent of the area in
nervated by a single cell it would be 
helpful to perform developmental or ge
netic experiments, but the reproductive 
cycle of the leech is too slow for that. 
Animals with clear-cut abnormalities of 
the nervous system are occasionally 
found, however, and one such leech has 
been studied in detail. Some of its gan
glia contained one or two "extra" touch 
and pressure cells and extra annulus
erector, or AE, motor cells (which raise 
the bumps on the annuli). The total cell 
counts were clearly abnormal, the result 
of either a mutation or a developmental 
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defect. We wondered how such an extra 
sEnsory cell would behave. Would it in
nervate the appropriate area of skin and 
respond to the appropriate stimulus? In 
one ganglion that contained three pres
sure cells instead of two on the right 
side, all three had the positions, mem
brane properties and impulse configura
tion characteristic of P cells. Two of 
them, however, sent their axons by way 
of the same root toward dorsal skin and 
responded to pressure in the same field; 
each cell behaved as though it were the 
only one. Similarly, in ganglia with four 
touch cells instead of three the field 
sizes and positions were normal but one 
field was doubly innervated. In some 
ganglia, however, there were two extra 
pressure cells (four on one side) and in 

SURFACE OF SKIN 

SENSORY-CELL 
BODIES 3 

1 PRESSURE 

2 

these the arrangement of the peripheral 
fields became distorted. The results from 
this single animal suggest that when ex
tra cells of a particular type are pro
duced during development, they operate 
in parallel with a normal cell comple
ment, but only up to a certain point. 
Furthermore, they demonstrate that a 
cell can receive a larger number of syn
aptic inputs than normal. Whereas the 
two P cells in normal ganglia synapse on 
the AE motoneuron, in this abnormal 
animal an AE cell could receive synaptic 
connections from three or four P cells. It 
is likely that animals will turn up with 
other intriguing abnormalities and so 
provide clues to the ground rules that 
determine how target cells become in
nervated during development. 

8 

LONGITUDINAL MUSCLE 

MOTOR-CELL L 
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ELECTRICAL 
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SHORTENING REFLEX is generated and monitored as shown here. The skin is stimulated 

mechanically (1), causing the appropriate sensory cell to fire a nerve impulse, which is 

monitored by electrodes on the root (2). Alternatively the individual sensory cell can be 

stimulated with a microelectrode (3). In either case the sensory-cell impulses reach the 

large longitudinal motoneuron (L) by way of a chemical (4) or an electrical (5) synapse or 

both (6), eliciting a motor impulse that travels out along the motoneuron axon and is moni

tored by electrodes on the root (7). A strain gage measures the shortening of the muscle (8). 
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So far we have considered sensory 
and motor cells as independent units, but 
for a real understanding of the nervous 
system one needs to know how the cells 
interact to produce movement. Some 
clues to the wiring diagram are provided 
by simple reflexes such as the segment
shortening that follows stroking, press
ing or pinching of the skin of a leech. 
The incoming limb for these reflexes is 
provided by the T, P and N sensory 
cells, converging on the L motoneuron, 
which innervates the longitudinal mus
culature of the body wall. Several lines 
of evidence indicate that the connections 
of T, P and N sensory cells with the L 
motoneuron are direct-that there are no 
unknown intermediary cells . This is an 
important point, because only if each 
constituent and its properties are known 
is it possible to pinpoint the sites at 
which any interesting behavioral modi
fications in signaling take place. 

To demonstrate the behavioral re
flexes these connections subserve, a 
length of body wall is removed from the 
animal together with its ganglion. Sen
sory and motor impulses traveling to 
and from the ganglion are monitored by 
external electrodes on the roots, and the 
tension generated by the longitudinal 
muscle is recorded with a strain gage. 
The activity in muscle fibers can also be 
registered by an intracellular electrode. 
Under these conditions a single sensory 
impulse usually causes little or no in
crease in tension in the longitudinal 
muscle fibers, but light, repetitive inden
tations of the dorsal skin give rise to 
bursts of impulses in the touch cell that 
consistently cause a shortening of the 
body wall. When the L cell is prevented 
from firing by the injection of a hyper
polarizing current (which decreases its 
excitability), the reflex contractions are 
blocked. This shows that the L cell is the 
only motor cell contributing to this par
ticular reflex pathway. The results with 
reflexes initiated by the Nand P cells are 
similar. 

These three simple pathways exem
plify the different forms of signaling en
countered in the nervous systems of 
higher animals. The nociceptive cells act 
on the L motoneuron through conven
tional chemical synapses, the touch cells 
through electrical synapses and the pres
sure cells through a combination of both 
mechanisms. There are ways of distin
guishing between the kinds of synaptic 
transmission. The characteristic proper
ties of electrical synapses are that cur
rent spreads directly from cell to cell 
with no appreciable delay and that trans
mission is not blocked by high concen
trations of magnesium ions. The connec-
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tion of the touch cell with the L motor 
cell fulfills these criteria. Stimulation of 
the nociceptive cell, on the other hand, 
causes a synaptic potential to arise in the 
L cell with a delay of two to four milli
seconds after the peak of the presynap
tic action potential. This delay is typical 
of a chemical synapse. Furthermore, as 
one would expect at a chemical synapse, 
transmission is reversibly abolished by 
bathing the preparation in a solution 
containing an abnormally high concen
tration of magnesium ions, and this block 
is counteracted by increasing the cal
cium-ion concentration; this antagonistic 
action of the two ions is observed at oth
er chemical synapses, where magnesium 
reduces and calcium increases the 
amount of transmitter liberated by the 
presynaptic terminals in response to an 
impulse. Finally, unlike the situation at 
the touch-cell synapse, no direct current 
spread can be detected between the 
nociceptive cell and the motoneuron. 
The third type of sensory neuron, the 
pressure cell, gives rise to synaptic po
tentials in the L motoneuron with char
acteristics of both chemical and electri
cal mechanisms, that is, one component 
of the potential is delayed and is re
duced by magnesium ions . 

An important aspect of nerve function 
is the manner in which the proper

ties of neurons and synapses change with 
prolonged use. It is a common feature 
in a variety of vertebrate and inverte
brate nerve cells that the membrane 
potential increases following trains of im
pulses, and this in turn reduces their ex
citability. In leech cells this hyperpolar
ization is of large amplitude and long 
duration. For example, natural activa
tion of a touch, pressure or nociceptive 
cell by just a few stimuli can increase 
the membrane potential from a resting 
value of 45 millivolts to 70, which then 
gradually returns to normal over a pe
riod of up to 15 minutes. The hyperpo
larization is not confined to the cell body 
but also occurs in its peripheral axons 
and in fine processes within the neuro
pil. 

Two distinct cellular mechanisms are 
responsible for generating the hyperpo
larization. One is the activity of an ionic 
pump, which extrudes the positively 
charged sodium ions that enter a nerve 
cell during impulses and thus restores 
the ionic concentration gradients to their 
original level. (Similar transport mecha
nisms have been shown in other cells to 
be effected by an enzyme in the mem
brane.) The other mechanism is a pro
longed increase in the potassium perme
ability of the membrane, which drives 
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REPETITIVE STIMULATION decreases the sensitivity of a touch cell to mechanical 
stimuli. A stylus (A) applies brief mechanical stimuli, just above threshold, each of which 
inftiates a single impulse that is recorded as shown (A1). Another stylus rubs a different 
part of the same receptive field (B). The prolonged trains of impulses (B1) produced by the 
rubbing hyperpolarize the touch cell, that is, they increase the resting potential, making tbe 
cell less sensitive, so that for a time it does not respond as before to the brief stimuli (A2). 
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CHEMICAL AND ELECTRICAL SYNAPSES behave differently with repetitive activity . In 
the case of a nociceptive cell (chemical synapse), successive impulses liberate increasing 
amounts of transmitter and produce a larger potential in a motone�ron (left). This does not 
happen in the case of a touch cell (electrical synapse); the potentials  it elicits in a moto
neuron remain constant (right). In general electrical synapses are the more stable. 
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DIFFERENT MOTONEURONS behave differently with repetitive 

stimulation by the same kind of sensory cell. The traces show that 
potentials (black) elicited in an annulus·erector motoneuron (AE) 

by a nociceptive cell (N) increase to roughly two and a half times 
their original value and stay large; potentials elicited in a large 

longitudinal motoneuron (L) grow larger at first, then smaller. 

the membrane potential in the hyperpo
larizing direction. 

The effects of the large residual 
change in membrane potential on the 
transmission of sensory information are 
most simply studied in touch cells be
cause of the ease with which they can 
be activated. After an area of the skin of 
a leech has been stroked with a small 
stylus for a few seconds, stronger me
chanical or electrical stimulation is re
quired to initiate impulses. This decrease 
in excitability occurs throughout the en
tire receptive field of the touch cell [see 
top illustration on preceding page]. 
Wherever impulses travel in this cell, in 
toward the ganglion or out toward the 
skin, they leave behind a hyperpolariza
tion. There is a striking similarity among 
changes at the periphery, along the axon 
and in the cell body, where the mem
brane potential is recorded directly with 
a microelectrode. At each site there is a 
decrease in excitability that parallels the 
hyperpolarization following impulses; 
both the hyperpolarization and the in
crease in the threshold are abolished by 
the drug strophanthidin, which is known 
to act selectively on ionic transport proc
esses that carry sodium ions out of cells. 

The next step is to see how repetitive 
firing affects the properties of synapses 
and reflexes. In general one would ex
pect electrical synapses to remain rather 
stable in performance, whereas chemical 
synapses might be more easily changed. 
To test this idea we can stimulate a num
ber of different kinds of sensory cells and 
examine the synaptic potentials arising 
in the single L cell with which they all 
connect. If a nociceptive cell, which acts 

. through a chemical synapse, is activated 
for a few seconds, the synaptic poten
tials recorded in the L cell during the 
train first increase (facilitation) and then 
decrease (depression). In theory these 
two changes in performance could be 
caused by changes in the amount of 
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transmitter released by the presynaptic 
(sensory) ending at each successive im
pulse or by changes in the chemosensi
tivity of the postsynaptic (motoneuron) 
membrane. A number of experiments 
suggest that it is the mechanism of 
transmitter release that is influenced by 
previous activity. 

The effects of repetitive firing on 
chemical synaptic transmission are par
ticularly well brought out by cooling. 
Leeches frequently live in cold ponds 
and they can be kept alive in refrigera
tors for long periods of time, yet in iso-

lated preparations cooled to two degrees 
Celsius (36 degrees Fahrenheit) chemi
cal transmission by the nociceptive cell 
to the L cell becomes almost ineffective 
within a few seconds as the synaptic po
tentials decline in size. If all synapses 
behaved like that, leeches would soon 
become paralyzed in the cold. The fact 
is that the synaptic connections to the L 
and the AE motor cells are affected in 
different ways by repetitive activity and 
by cold. The synapses on the AE cell 
show more facilitation and less depres
sion during a train of stimuli than those 
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DIRECTION OF STIMULATION makes a difference when a sensory.cell impulse excites a 
motoneuron in an adjoining ganglion. The nociceptive cell in one ganglion excites the L 
cell on the same side of the next ganglion. Even in an intact nervous system (above) the 
potential elicited in the L cell is not exactly the same when the motoneuron is the posterior 

of the two cells (a) as it is when the motoneuron is toward the head of the animal (b); 
there is a small inhibitory component in the back·to·front si gnal. The directional effect 
is intensified by the cutting and regeneration of a connective (right). The appropriate cells 
interact again after regeneration. When a sensory cell is stimulated, it produces a normal 
excitatory potential in a motoneuron posterior to it (a) but an abnormal hyperpolarization, 

or inhibition, in a motoneuron anterior to it (b). This does not represent an error in reo 
connection: the same directional effect is seen all along the length of an animal that has 
been operated on. Even in ganglia at a distance from the lesion the effect is excitatory in 

the head·to·tail direction (c), whereas it is inhibitory in the tail·to·head direction (d). 
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on the L motor cell and far less depres
sion in the cold. These results suggest 
that the same sensory cell can act with 
progressively greater effectiveness on 
one target cell while the efficiency of its 
action on another is diminishing. Me
chanical stimulation of the skin there
fore initiates a dual sequence of reac
tions : first a shortening, which wears off, 
and then a maintained annular erection. 
Again, indirect evidence suggests that it 
is the release characteristics of the vari
ous endings of the sensory cell that are 
different. 

The behavior of electrical synapses is 
quite different. Even with repeated stim
ulation of the touch neuron, which 
makes an electrical synapse on L cells ,  
the synaptic potentials remain un
changed. The synapse also continues to 
function effectively in the cold. We can 
conclude that the electrical synapses 
provide a more reliable form of transmis
sion than those operating by the release 
of chemical transmitters; they are less 
influenced by the history of activity or 
the environmental conditions. 

Numerous experiments on inverte
brates and vertebrates indicate that 

the synaptic connections of nerve cells 
are specific, in the sense that highly in-
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tricate connections are selectively estab
lished between certain cells but not be
tween others. There is as yet little infor
mation about the processes that enable 
nerve cells to find their targets during ei
ther development or regeneration, nor is 
it clear how reproducibly any one cell 
forms its connections in different ani
mals. So far experiments with vertebrate 
nervous systems have dealt with the re
establishment of synaptic connections 
between groups of nerve cells. A good 
system for examining regeneration be
tween individual cells is provided by the 
connections of sensory cells in one gan
glion with the L motor cell in the next. 
The connectives linking adjacent gan
glia are up to a centimeter long and can 
be cut without difficulty in the animal. 
The particular cells we have examined 
before and after regeneration are the 
nociceptive and pressure cells. In con
trol animals impulses in these N and P 
cells evoke synaptic potentials on the L 
motoneurons in the adjacent ganglia 
toward the front and the rear of the ani
mal. These anterior and posterior inter
ganglionic connections are direct and 
appear similar to those within a gan
glion. 

Leeches are anesthetized and one of 
the two parallel connectives is cut, the 
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remaining connective being left intact to 
serve as a splint for regeneration. The 
lesion abolishes the synaptic connections 
of the sensory cells with motor cells in 
the two ganglia adjacent to the lesion, on 
the operated side of the leech. (Fibers do 
not cross to the connective on the other 
side. )  Through-fibers running to distant 
ganglia and to the brains at the two ends 
of the leech are also interrupted by the 
operation. The leeches are examined for 
signs of regeneration and altered synap
tic junctions from 45 to 260 days after 
the operation. In most of the leeches 
the cut connective shows obvious signs 
of regeneration, although occasionally it 
cannot grow back because of scar for
mation. 

In leeches with a regenerated con
nective, synaptic connections are con
sistently re-formed between sensory cells 
in one ganglion and the L motor cell in 
the next, and the connections are specif
ic: when we activated P or N cells in one 
ganglion while recording in succession 
from 10 or more neurons in the vicinity 
of the L motor cell in the neighboring 
ganglion, the usual result was that synap
tic potentials were observed in the L cell 
but not in other cells. (Occasionally, in 
regenerated pairs of ganglia, one or two 
neurons close to the L cell might also 
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show synaptic potentials . We cannot yet 
tell if this represents a decline in the ac
curacy of regenerated connections . }  

Although the appropriate cells inter
act once again after regeneration, certain 
properties of the regenerated synapses 
are consistently different from those seen 
in normal leeches. In particular the bal
ance of excitation and inhibition is mark
edly altered. In one direction of stimula
tion the response resembles the normal 
one : when a sensory cell in the anterior 
ganglion of the pair is stimulated, an ex
citatory, depolarizing synaptic potential 
is recorded in the L cell in the posterior 
ganglion by way of the regenerated con
nective. On the other hand, when the di
rection of stimulation is reversed (from 
posterior sensory to anterior motor) , an 
inhibitory, hyperpolarizing synaptic po
tential appears in the L motor cell. This 
asymmetry in the synaptic effects is in
variably found whenever synaptic con
nections are reestablished. 

N. first it seemed as though the changed 
synaptic interactions observed after 

regeneration might represent some form 
of error in reconnection. Quite unexpect
edly, however, we have found that simi
lar changes occur in the interactic:ms of 
adjacent ganglia along the entire length 
of the operated leech. The explanation 
may lie in the fact that although the di
rect connections of these other ganglia 
are not directly severed by the operation, 
presumably much of the normal impulse 
traffic is chronically reduced by the in
terruption of through-fibers . 

The similarity between these altera
tions in the synaptic connections of pairs 
of neurons in distant ganglia and those 
found at regenerated synapses prompted 
a reexamination of the connections in the 
normal leech. When repeated synaptic 
responses were averaged on a computer, 
a small but consistent asymmetry be-
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came apparent in the connections from 
sensory cells to L cells in the neighboring 
ganglia. Going from posterior sensory to 
anterior motor cell, a short-latency in
hibitory component of the synaptic po
tential can be discerned, but in the op
posite direction (anterior sensory to pos
terior motor) one sees only excitation. 
The existence of this asymmetry in con
trol animals suggests that the marked 
changes in the synaptic connections after 
the operation represent an enhancement 
of a normal but ordinarily occult synap
tic pathway rather than the formation of 
a new, abnormal pathway. 

These results involving distant gan
glia also raised the question of whether 
comparable changes might also occur 
within a single ganglion deprived of its 
normal input. To test this we cut all the 
connectives and peripheral nerves to a 
ganglion, leaving the ganglion isolated 
in an "organ culture" within the ani
mal, with no possibility of regeneration. 
When the ganglion is removed from the 
leech after about a month, many of the 
normal synaptic connections are seen to 
be dramatically changed. If, for example, 
one examines the interactions of the T 
cell with the L motoneuron in one of 
these isolated ganglia, it is clear that the 
synaptic potential is produced by a com
bination of both chemical and electrical 
mechanisms ; the potential is much larg
er and persists longer than the purely 
electrical synaptic potential seen in a T
cell synapse in normal ganglia. There is, 
in other words, an added chemical input, 
which could be brought about by the 
outgrowth of new fibers from an inter
posed neuron or could represent a direct 
change in the synaptic connections of T 
cells to L cells. Another striking change 
is seen in the interactions of P and AE 
cells in isolated ganglia : instead of an 
excitatory potential on the AE cell, one 
observes an inhibitory, hyperpolarizing 
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ISOLAT ION OF A GANGLION alters the synaptic interactions within it. When a ganglion 
was maintained in the animal for 36 days after its roots and connectives were cut, an impulse 
in a P cell, which would normally excite the AE cell (left), instead inhibited it (right). 
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potential when the P cell is stimulated. 
There is a behavioral correlate of these 
altered connections :  if the skin is pressed, 
any annuli that happen to be erected are 
quickly flattened. This characteristic 
change is seen in ganglia all along the 
length of the animal in which one gangli
on has been isolated. 

The underlying causes of these chang-
es in the interactions of sensory and 

motor cells after a lesion are not yet fully 
understood, but it is tempting to specu
late that the lesion causes fibers that 
normally synapse on L and AE moto
neurons to become ineffective. This par
tial denervation could conceivably lead 
to chemical supersensitivity, accessory 
sprouting of collateral nerve fibers or the 
formation of new synaptic contacts ; we 
are now attempting to distinguish among 
these and other possibilities by a number 
of different techniques.  What is clear 
from the results obtained by making le
sions is that leech neurons can regener
ate with a high degree of accuracy, and 
that the synapses within the central 
nervous system are capable of undergo
ing marked changes in effectiveness. 

At first the analysis of a brain con
sisting of so few cells might seem to 
present a finite problem, and yet we 
have barely begun to study a number of 
essential questions. For example, we are 
only now starting to study the anatomy 
and chemistry of the nerve cells and syn
apses. At present little is known about 
the integrated behavior of the leech, al
though Stent and his colleagues at the 
University of California at Berkeley have 
made considerable progress in analyz
ing the neuronal mechanisms involved 
in swimming. For some problems it is 
simply a question of doing the work; for 
others technical advances are required. 
One hope for the future lies in the study 
of the development of the nerve cells. 
Recently we have begun to examine the 
structure of leech embryos in the hope 
of finding a miniature nervous system 
that can be reconstructed anatomically. 
Another promising approach is to main
tain ganglia alive outside the animal in 
organ culture, where one can study neu
rons in a controlled environment over 
long periods of time. So far we have suc
cessfully maintained ganglia in this way 
for up to six weeks . In time the leech 
may help to elucidate many of the prin
ciples that apply in higher animals . In 
particular we hope that its nervous sys
tem will provide clues about the mecha
nisms by which use, disuse, abnormal 
use and lesions can bring about changes 
in the properties of synapses and there
by modify the performance of an animal. 
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Mr. Sucy, is anyone using microfiche 
readers in teaching? 

Jim, where can I apply for Federal fund
ing of my research on picture-taking as 
a guidance tool? 

What is the evidence, Jim, for increased 
retention with audiovisual aids? 

Sucy, I need to set up a course in non
destructive testing. What do I do? 

Does Kodak have any suggestions on 
how our professional society can reach 
its members with packaged training? 

Where can I buy a Kodak visualmaker 
kit? 

Service to education 
J ames G .  S ucy i s  the name. Manager, Education 
M arkets S ervices,  is the title.  Address : Eastman 
Kodak Company, Rochester, N . Y. 1 4650.  Phone: 
7 1 6-724-4501 . Function : to find the person in the 
best position to field any teacher's question that relates 
any Kodak product or service to the educational 
process .  "Teacher" covers professor, educator, trainer, 
instructor-whatever you think it should cover. Patterns 
discerned in the questions will shape next year's and 
next decade's Kodak products and services. 

W h a t  type of p ro grams do you h a ve for mi l i tary 
t r a i n e rs ?  

Does Kodak have any workshops for teachers ? 

C an you he lp me p l an  a n ew proj e c t i on room? 

Ib YOU HAVE Am RECO/'\"ENl}A.TlGlS ABOlfT f>1AKING SLIDE-TAPE INSTRUCTIGIAL UNITS? 
can you give us sorre inf'orrration about using microfi1m 

in our school library ? 

Wha t  servi ces does Kodak h a ve for junior hi gh schools? 

Please send me some information about photography at the grade-school level . 

Ho.v OOES KoDAK ANALYZE AND PLAN TRAIN ING PROGRAMS? 

I ' d  like to t alk to s omeone abo u t  computer-as s i s te d  ins truction 

for our indus t ri a l  t rainin g . 

Do y o u  h a ve any i n fo rma ti on a b o u t  c a re e rs i n  p h o to graphy ? 

�/ r � � � td At.o/ � 

� A � � � � r  
Does Kodak have any fi l ms for loan about p i cture - t ak in g ?  

Would you send me information about the flexible classrooms 
in your new education center . 

Should I use rear or front projection in our new building? 

Our s chool of dentis t ry  is individuali z ing . Do you have any 

in format ion to ass i s t  us ?  
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The Uranium Problem 

itericans, Europeans and Japanese 
who are wondering why current 
shortages of oil were not better 

anticipated have now received a clear 
warning that there will be a severe urani
um shortage around 1980 unless govern
ments and industry take aggressive steps 
to find more of the nuclear fuel. 

The warning is issued in a joint report 
by the Nuclear Energy Agency of the 
Organisation for Economic Co-operation 
and Development (OECD) and the 
International Atomic Energy Agency 
(IAEA). The report makes a comprehen
sive projection of the number and kind 
of nuclear reactors that will be built be
tween now and 1990 in the U.S., West
ern Europe and Japan and weighs their 
fuel requirements against the known 
world reserves of uranium (outside the 
U.S.S.R. and China) and the projected 
capacity for extracting the ore and pro
ducing enriched reactor fuel by gaseous 
diffusion or gas centrifugation. 

The report estimates that at the end 
of 1973 the U. S., Western Europe and 
Japan had an installed nuclear capacity 
of 50 gigawatts, or 50,000 megawatts. 
The U.S. share of the total was 58 per
cent. By 1990 the total capacity is ex
pected to increase twentyfold to just 
over 1,000 GW, at which time the U.S., 
Western Europe and Japan will have re
spectively 51, 37 and 10 percent. It is 
estimated that the U.S. will obtain about 
22 percent of its energy needs from 
uranium by 1990. 

The OECD-IAEA report notes that 
there is more than enough uranium pro-
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duction and separative capacity to meet 
present needs. In fact, the uranium in
dustry is depressed. As new reactors are 
completed, however, the situation will 
shift rapidly. Existing and proposed 
separative (that is, enrichment) capacity 
will be saturated by 1983. Between now 
and 1990 the Western nations and Japan 
will have to raise their separative capac
ity to 10 times its present level. This 
alone will require an investment of 
roughly $15 billion. 

The central cause for concern, how
ever, is an impending shortage of proved 
uranium reserves and production capac
ity. The U.S. has 26 percent of the 
world's "reasonably assured reserves"; 
the other leading countries are Canada 
( 20 percent), Sweden (17.5 percent), 
South Africa (17 percent) and Australia 
(6.5 percent). As in all mining, an in
creased production rate requires an in
crease in proved reserves. Over the past 
eight years proved reserves have in
creased at an average rate of 65,000 tons 
per year, or roughly three times annual 
production. The report estimates that by 
1980 annual production must rise to 50,-
000 tons, which would be "close to the 
ultimate or maximum production capaci
ty which could be attained from present
ly known reserves and resources." Be
tween 1980 and 1985 annual demand is 
expected to double again; "the presently 
known reserves would not support a pro
duction rate of anything like 100,000 
[tons of uranium] per annum." To main
tain the projected rates of production the 
discovery rate will have to increase from 
the recent figure of 65,000 tons per year 
to 230,000 tons per year in 1990. 

"It is essential," concludes the report, 
"that urgent steps be taken to increase 
the rate of exploration for uranium so 
that an adequate forward reserve may 
be achieved .. . .  Current uranium prices 
are generally not adequate to induce the 
necessary exploration, or the increased 
expansion of production capability 
needed. Some means should therefore be 
found to ensure that the production lev
els required are achieved so as to avoid 
shortage . . .  in the 1980's. It is impOitant 
that this matter be fully appreciated by 
governments, utilities and mining com
panies." 

The report indicates that its predic
tions may be inadequate in one impor
tant respect: "The possibility that an ac-

celerated nuclear programme might be 
instituted in many countries to overcome 
an energy shortage was not considered 
in this study." 

What SNU? 

S ince the late 1950's it has been gen-
erally accepted that thermonuclear 

reactions in the core of the sun must 
result in the emission of a substantial 
number of high-energy neutrinos. These 
neutrinos should be detectable on the 
earth. Raymond Davis, Jr., of the Brook
haven National Laboratory set up an ex
periment to detect the solar neutrinos 
and to measure their flux. As of the sum
mer of 197 2 his results over the preced
ing five years indicated that only about a 
tenth of the number of neutrinos predict
ed by the theory of the sun's interior 
were actually reaching the earth. At a 
meeting of the International Astronomi
cal Union held in Warsaw last fall, Wil
liam A. Fowler of the California Institute 
of Technology summarized Davis' more 
recent results. The situation for the theo
ry has grown even worse: it seems that 
the number of neutrinos reaching the 
earth may be as low as a thirtieth of the 
number predicted by the theory and may 
even be essentially zero. 

Davis' experiment is heroic. His ap
paratus consists of a 100,000-gallon tank 
of tetrachloroethylene, a common dry
cleaning fluid, at the bottom of the 
Homestake Gold Mine in Lead, S.D. 
Twenty-two percent of the mass of tetra
chloroethylene is chlorine 37. When a 
chlorine-37 nucleus interacts with a neu
trino, it is transformed into a nucleus of 
the radioactive isotope argon 37. Such 
an interaction is extremely rare, how
ever, since the neutrino has no detect
able mass, no magnetic moment and no 
electric charge. 

At intervals of some 50 days the tank 
is swept with helium to remove the argon 
37, which is then introduced into a pro
portional counter that detects its radio
active decay. The results of the experi
ment are expressed in solar neutrino 
units, abbreviated SNU. One SNU is de
fined as the flux causing one neutrino
induced event per second per 10�6 chlo
rine atoms. In Davis' tank, which con
tains some 1030 chlorine-37 atoms, one 
SNU corresponds to .2 argon-37 atom 
formed per day. 
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One recent theoretical calculation 
made by John N. Bahcall and his col
leagues indicates that the flux of solar 
neutrinos should be approximately 5.6 
SNU, corresponding to one event per 
day. Davis' results, however, indicate 
that the observed flux is only .2 ± 1.0 
SNU, or one event per month. On the 
basis of the customary scientific inter
pretation this means that the actual flux 
of solar neutrinos is probably no greater 
than 1.2 SNU and could be zero. 

According to Fowler, there are only 
two reasonable explanations for the dis
crepancy between theory and observa
tion. The first is that the neutrino decays 
on its way from the sun to the earth. The 
second is that every 250 million years or 
so new fuels are mixed into the solar in
terior; the sun heats up, expands and 
then cools to the point where nuclear re
actions are shut down and the sun shines 
for a few million years on its store of 
gravitational and thermal energy. 

If this second explanation is true, the 
energy radiated by the sun has pre
sumably decreased for periods of about 
five million years at intervals of some 250 
million years. Such behavior would have 
important consequences on the earth and 
might account for episodes of glaciation 
in the Quaternary period (the present), 
the late Paleozoic and the early Paleo
zoic. Fowler concluded his talk: "It [is] 
clear that the case of the missing solar 
neutrinos is still an exciting detective 
problem for astronomers, physicists, 
chemists and geologists. So, what SNU?" 

The Sleep Peptide 

Experiments dating back as far as 19 13 
have pointed toward the existence of 

a natural sleep potion: a factor in the 
body fluids of an animal that induces 
sleep when it is injected into another 
animal. Such a factor has now been iso
lated and partially characterized by a 
group at the University of Basel. They 
call it "sleep-factor delta" because it spe
cifically promotes the production of delta 
waves, the long, slow brain waves char
acteristic of light sleep. 

M. Monnier and G. A. Schoenen
berger and their colleagues began by 
stimulating a sleep-producing region of 
the thalamus in the brain of rabbits and 
withdrawing venous blood from the 
brain of the sleeping animals. They also 
took blood from rabbits that had not 
been put to sleep, to serve as a control. 
The blood from the donor animals was 
dialyzed, or diffused through a mem
brane, to remove large molecules, and 
the purified fraction of the resulting 
"sleep dialysate" was injected into the 

brain of recipient rabbits. Within five to 
10 minutes of the injection the electro
encephalograph recorded an approxi
mate doubling of delta-wave activity in 
rabbits given the active substance, 
whereas there was no appreciable 
change in the delta activity in rabbits 
given dialysate from the control donors. 
At the same time the motor activity of 
the rabbits administered the active sub
stance was reduced by more than half, 
whereas that of the control recipients 
stayed about the same. 

Characterization of the sleep factor 
depended on successive fractionations of 
the original dialysate, with each factor 
being checked for hypnogenic activity 
under double-blind conditions: the work
ers who tested the fractions did not 
know what fraction they were testing. 
First the dialysate was fractionated by 
gel-filtration through a chromatograph
ic column. This removed the salts and 
other low-molecular-weight substances; 
only the desalted fraction, which in
cluded 5 percent of the original dialy
sate, exhibited the hypnogenic activity. 
That fraction was subsequently divided 
by two more stages of chromatography 
and by paper electrophoresis into suc
cessively smaller active fractions. Analy
sis of the final fraction, which was pow
erful enough to be effective in a dose of 
less than six billionths of a gram per 
kilogram of body weight, showed it to be 
a peptide containing seven or more dif
ferent amino acids, with a molecular 
weight between 355 and 1,500 and most 
likely about 700. The findings "suggest 
strongly that this factor may be involved 
in the humoral regulation of sleep." 

Supersorghum 

Sorghum is the world's fourth most im-
portant food grain (after wheat, rice 

and corn), being the principal subsist
ence grain for more than 300 million 
people in underdeveloped countries. It 
has the advantage of growing on land 
that is too dry and too infertile for other 
grains. On the other hand, the most com
monly grown strains have the disadvan
tage of being low in protein and in lysine, 
one of the amino acids essential in the 
human diet as a building block for pro
tein. Now investigators at Purdue Uni
versity have announced a discovery that 
promises to increase substantially the 
nutritional value of sorghum. 

After analyzing some 9,000 strains of 
sorghum from many countries the Pur
due group, which worked under a $1. 7-
million contract from the U.S. Agency 
for International Development (A.I.D.), 
found two strains from Ethiopia that are 

much richer than the commonly grown 
sorghum in protein and in lysine. Pre
sumably the traits can be bred into the 
strains of sorghum that are grown wide
ly for food. John A. Hannah, adminis
trator of the A.I.D., said when the dis
covery of the Ethiopian strains was 
announced that improving the protein 
quality of sorghum "will amount to a gift 
of life, especially for children." 

Eye in the Fingertip 

Braille gives the blind access to many 
written materials, but Braille books 

are cumbersome and the transliteration 
of the written word into the Braille al
phabet of embossed dots is time-consum
ing and expensive. A recent application 
of the technology of semiconductor in
tegrated circuits promises to eliminate 
the need for this transliteration; it is a 
device that enables the blind to read or
dinary printed material, and in some 
cases other forms of notation such as 
handwriting, sheet music and graphs. 

The device is called the Optacon, for 
optical-to-tactile converter. Like Braille, 
it depends on the sensitivity of the fin
gertip to tactile patterns. Its essential 
components are a small optical sensor, 
or camera, with which the user scans a 
line of type, and an array of vibratory 
pins on which the user places his index 
finger. The image of one character at a 

time is reproduced by the vibrating pins. 
The Optacon is the project of John G. 

Linvill and his associates at Stanford 
University and James Bliss, formerly of 
the Stanford Research Institute. Devel
opment was supported by a $1.8 million 
grant from the Office of Education of the 
Department of Health, Education, and 
Welfare. The reading aid is now being 
produced commercially by Telesensory 
Systems, Inc., of Palo Alto, Calif. 

In experiments made in 1964 Linvill 
demonstrated that letter shapes pre
sented tactually as a pattern of vibrating 
pins could be recognized. Research since 
then has been directed toward producing 
a device that provides accurate and ef
ficient recognition of characters of vari
ous sizes and forms. It has also sought to 
reduce the size, weight, power consump
tion and cost of the device. 

These goals have been approached 
through the use of integrated circuits. 
The "retina" of the optical system con
sists of 144 photosensitive transistors. 
They are arrayed in six rows of 24 on a 
single "chip," or substrate, of silicon. 
The 144 vibratory pins of the tactile 
screen reproduce this array; they are 
driven by piezoelectric crystals that, 
when stimulated, vibrate at 250 to 300 
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You'll appreciate 
some things about 
a Dual right away. 

Others 
will take years. 
Just a few moments with a Dual 

turntable is all it takes to observe its 
clean functional appearance, the 
precision of its tonearm adjustments 
and its smooth, quiet operation. 
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hertz. Each element of the retina has a 
corresponding element in the tactile 
screen. If the blackness of the print un
der a particular phototransistor exceeds 
a certain threshold, the corresponding 
pin is made to vibrate. 

The present Optacon consists of a fin
ger-size camera and a larger package 
containing mast of the electronics and 
the tactile screen. The camera is moved 
with one hand and the images are sensed 
with the other. Experienced users can 
read with the Optacon at up to 90 words 
per minute, about half their speed read
ing Braille. In training programs it has 
been found that school-age children are 
the most successful subjects in learning 
to use the device. 

Telesensory Systems has made about 
500 Optacons. Many are being used by 
blind computer programmers, who are 
enabled by the machine to read print
outs and manuals without assistance. 
The price is $3,450. 

Linvill and his co-workers are now 
attempting to develop a much smaller 
reading aid, incorporating the optical 
and tactile transducers in a single pack
age, that could be used with one hand. 

The Water Hole 

I n the past few years there has been 
much speculation on the hypothetical 

problem of using a large radio telescope, 
such as the one at the Arecibo Observa
tory in Puerto Rico, to communicate with 
an extraterrestrial civilization. The pros
pects for such interstellar communica
tion rest of course on many assumptions, 
one of the most crucial of which is that 
both the transmitting and the receiving 
civilizations will happen to choose the 
same microwave radio channel, presum
ably on the grounds that certain frequen
cies are more "natural" than others. 
From the beginning the consensus (at 
least among earthbound radio astrono
mers) has been that the most promising 
candidate for such a channel lies at 
1,420.405 megahertz, the frequency at 
which radio waves are emitted (and ab
sorbed) by a particular hyperfine energy
level transition of neutral hydrogen, the 
most abundant atom in the universe. The 
few serious attempts that have been 
made to intercept interstellar radio sig
nals have in fact been confined to this 
frequency. 

The question has now arisen of wheth
er more attractive "natural" frequencies 
exist. In a recent issue of Nature two of 
the leading workers in this field, Frank 
D. Drake and Carl Sagan of the National 
Astronomy and Ionosphere Center of 
Cornell University, review the matter 

and come up with a proposal of their 
own for "two alternative natural fre
quencies for interstellar radio communi
cation based on two quite different and, 
we feel, attractive arguments." 

In the galactic plane, Drake and 
Sagan point out, "the 1,420 MHz line is 
noisy, which decreases its attractive
ness." Present information places the 
minimum "sky noise" level from all 
sources at an "equivalent temperature" 
of about five degrees Kelvin, centered at 
a frequency of a few thousand mega
hertz. This minimum value, the astron
omers note, is not far from both the 
hydrogen (H) transition frequency of 
1,420.405 megahertz and the principal 
hydroxyl (OH) transition frequency of 
1,667.358 megahertz; the minimum is 
thus " close to the frequencies associated 
with the components of the water mole
cule." 

Although they enter "a caveat to avoid 
water chauvinism," Drake and Sagan 
argue that a strong case can be made 
"that extraterrestrial life will, in the 
main, also use water as a solvent system." 
The proximity of the principal micro
wave transitions of the neutral hydrogen 
atom and the hydroxyl radical to the 
minimum-sky-noise frequency had al
ready prompted another student of the 
matter, Bernard M. Oliver of the Hew
lett-Packard Company, to suggest that 
the preferred communications channel 
lies in this "water hole" between 1,420 
and 1,667 megahertz. Even here, how
ever, "there still remains a multitude of 
possible channels." Drake and Sagan 
therefore propose "a well defined 'natu
ral' frequency in the water hole: a fre
quency selected by the center of mass of 
the water molecule itself." Their best 
estimate of this frequency is 1,652.4 18 
megahertz. 

An entirely different "natural" fre
quency, according to the Cornell work
ers, is "uniquely specified" by the inter
section of two fundamental sources of 
noise: the black-body background radi
ation and the quantum noise of radiation. 
The frequency "hole" that corresponds 
to this intersection lies at about 56,000 
megahertz, a frequency that cannot be 
specified more precisely because of un
certainty about the value of the black
body background temperature. Unfortu
nately this radio channel "is unavailable 
from the surface of the earth because of 
the strong molecular oxygen lines near
by." As a result, they conclude, inter
stellar communication on this channel 
will require radio telescopes in space, 
facilities that they believe "will prob
ably be available soon (especially on a 
stellar evolutionary time scale)." 
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THE CELL CYCLE 

W�at happens In the living cell between the time it is born 

In the division of another cell and the tilne it divides again? 

Ne\v methods of investigation reveal four phases in the cycle 

D
ouble or nothing. With few ex

ceptions a living cell either re
produces or dies; the principle 

is so simple that no one has bothered to 
call it a principle. A cell is born in the 
division of a parent cell. It then doubles 
in every respect: in every part, in every 
kind of molecule, even in the amount of 
water it contains. Thereafter it divides 
with such equal justice that each new 
daughter cell is an identical copy of 
the parent. This doubling and halving, 
the cycle of growth and division, is 
known generally as the cell cycle. 

Although these facts have been known 
for a long time, the concerted study of 
the cell cycle began only recently. 
Scarcely 20 years ago, when I published 
a lecture called "The Life History of the 
Cell," I thought I was saying something 
that needed saying when I concluded: 
"We are no longer satisfied with a good 
measurement or a good observation or 
the clever elucidation of some mecha
nism in the cell unless we can locate it 
on a time axis, and the time I refer to is 
not our time but that of the cell itself, as 
expressed in its life history." The past 
two decades have seen rapid progress 
along this very line. Although the first 
comprehensive book on the cell cycle, 
J. M. Mitchison's outstanding volume, 
was not published until 1971, he was 
able by then to cite 1,000 other cell
cycle studies that he had selected from 
an even larger literature. 

The objective of all these studies has 

by Daniel Mazia 

generally been to define as exactly as 
possible the events within a cell that 
characterize a given phase of its life his
tory. Going further, the goal has been to 
discover just which events are the ones 
that drive the cell through time, moving 
it from one phase of its history to the 
next. 

Growth and Division 

When we say that cells double in all 
their constituents and then divide in 
half, we are obviously describing the av
erage case. When we observe individual 
cells, however, we find deviations from 
the average. For example, a number of 
kinds of cells have been weighed at vari
ous intervals throughout their period of 
growth. If the process of growth consist
ed in a steady production of all the con
stituents of the cell, including those re
quired for further growth, we would ex
pect a series of weight measurements to 
yield a smoothly accelerating growth 
curve, showing a rate of growth that in
creases in a regular way. In fact, such 
exponential growth curves have been 
found, but they are not always found. In 
some instances the growth rate is con
stant rather than accelerating. In others 
the growth rate is high at first and then 
decelerates. In still others the growth 
rate increases abruptly at some point. Of 
course, from the cell's point of view these 
variations might be matters of indif
ference as long as the cell has doubled 

DOUBLING CELL (center on opposite page) has changed its surface configuration from 
flat to round as it enters the final phase of the cell cycle: mitosis, or cell division. The sur
face of the cell is covered by many long, thin projections; a number of these secure the cell 
to the substrate. The cells are from the ovary of a hamster. The adjacent flattened cells in 
this scanning electron micrograph have passed through much of the preceding (G2) phase 
of the cell cycle. The micrograph was made by Keith R. Porter, David M. Prescott and 
Jear! F. Frye of the University of Colorado; the cells are seen magnified 8,300 diameters. 

in every way by the end of the growth 
period. 

Is growth really an exact doubling? 
If it were, we could propose some entic
ing theories. Observation reveals, how
ever, that the doubling and halving proc
ess is only approximate. When Dick Kil
lander and Anders Zetterberg of the 
Royal Caroline Institute in Stockholm 
weighed sister cells at the time of divi
sion in mouse connective tissue, they 
found an average 10 percent difference 
in their weight. David M. Prescott, who 
was then working at the University of 
California at Berkeley (and later Killan
der and Zetterberg as well), followed the 
growth of unequal sister cells. They did 
not firid the small one preCisely doubling 
its lesser volume and the large one dou
bling its greater volume. Instead both 
cells tended to reach what I shall call an 
"adult" size before dividing, and it sim
ply took the smaller cells longer to do so. 
Finally, the adult size was not absolutely 
fixed; Killander and Zetterberg found a 
variation of about 12 percent in the size 
of mouse connective-tissue cells that 
were ready to divide. 

These findings showed that a mass of 
cells doubles and halves only in an aver
age way and not in an exact way. This 
led us to a conclusion that sounds banal 
but has in fact provided the basis for 
more incisive research: evidently cells 
divide when they are "ready," and they 
are ready only when they have complet
ed certain preparations for division. A 
further conclusion was that the prepara
tions for division, whatever they may be, 
are hidden in the overall growth process. 

If a cell fails to divide, it does not con
tinue to grow; something limits cell size 
and halts the growth process. An old and 
not quite correct theory called attention 
to the cell nucleus as the limiting factor. 
In 1908 the German biologist Richard 
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PHASES OF THE CELL CYCLE are shown schematically, begin. 
ning at the far left with the first and longest of three "growing" 
phases: G1• Space in the diagram is not proportional to time (see 
time scale on top). In a typical mammalian cell the first growing 
phase takes from six to eight hours, but it can take much longer. 

The G1 phase ends and the second, or S, phase begins (le/t) when 
the cell begins to synthesize DNA. During the six hours of the S 
phase the DNA, the genetic material of the chromosomes, repli. 
cates. (The diagram shows the replication of only two chromo· 
somes, whereas a human nucleus would have 46 chromosomes.) 

von Hertwig proposed what I call the 
theory of the critical mass. In Hertwig's 
view a growing cell eventually reaches a 
size at which the ratio between the 
masses represented by cytoplasm on the 
one hand and the cell nucleus on the oth
er becomes limiting. When that limiting 
ratio is reached, he proposed, some in
stability sets in and triggers cell division. 
The nucleus-cytoplasm relation theory, 
as Hertwig called it, does not hold up 
very well when mass alone is considered 
to be the factor that triggers cell divi
sion. As we have seen, individual cells 
may vary substantially in mass at the 
time of division. Moreover, cells can be 
made to divide before they have dou
bled in size. For example, Mitchison and 
I once performed an experiment that in
volved starving the cells of a kind of 
yeast that grows by cell division rather 
than by budding. We did this by depriv
ing the yeast of nitrogen; the deprived 
cells could not grow because in the ab
sence of nitrogen they could not make 
the proteins that growth requires. What 
they could still do, however, was convert 
some of the proteins in their possession 
into the kinds needed for cell division. 
Although starved, the yeast cells con
tinued the cell cycle and divided into 
abnormally small daughter cells. 

Even if the critical-mass theory is not 
tenable, the fact remains that the size of 
a cell appears to be limited by the ca
pacity of a single cell nucleus to support 
growth. If in the laboratory we manufac
ture a cell containing two nuclei, or two 
sets of chromosomes in a single nucleus, 
the cell can grow to twice its normal 
adult size. One example of this behavior 
is the way mammalian cells in laboratory 
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culture give rise to gigantic cells when 
exposed to an appropriate dose of ioniz
ing radiation. The irradiated cells go 
through the normal cycle repeatedly but 
cannot divide; as the amount of genetic 
material contained in the cell nucleus 
increases, so does the size of the cell 
increase. 

The Tempo of the Cell Cycle 

Like other historians, the student of 
cell-cycle history finds it useful to recog
nize epochs. Furthermore, like other his
torians, he must distinguish between the 
markers provided by real events (for ex
ample a revolution or a decisive battle) 
and the arbitrary markers he invents for 
his own convenience (for example the 
Age of Exploration or the Renaissance). 
When he divides the cell cycle into two 
parts, a period of growth between cell 
divisions known generally as the inter
phase and a second period when divi
sion takes place, the student of the cell 
cycle is recognizing real events. The 
growing cell is different from the divid
ing cell in almost every way. 

In terms of real time the interphase 
period is generally much longer than the 
period of division. In most plant and 
animal cells the entire cycle is accom
plished in a day or less; a typical cycle 
takes about 20 hours. Of this time only 
an hour or so is devoted to cell division; 
the rest of the time is occupied by inter
phase growth. Some "hothouse" varieties 
of animal cells that have evolved under 
laboratory conditions may have a cycle 
as short as 10 hours, and some one
celled organisms such as yeasts and cer
tain protozoans have an even faster cy-

cleo (I exclude bacteria and other pro
caryotic organisms whose cells have no 
nuclei; their cycle can be completed in 
as little as 20 minutes.) The protozoan 
Tetrahymena, for example, is a favorite 
among students of the cell cycle because 
interphase and division together take no 
more than 150 to 180 minutes. 

There is nothing arbitrary about the 
tempo of the cell cycle. Given optimum 
temperature and nutrition, the length of 
the cycle for a given kind of cell is al
ways the same. Furthermore, the tempo 
is difficult to alter. Of course, under un
favorable conditions it will be slowed. If 
we wanted to speed it up and make cells 
grow faster, however, we would not 
know how to go about it. We have come 
to think of the duration of the cell cycle 
as the time required for the execution of 
a precise program that has been built 
into each kind of cell. 

The cell cycle is a bicycle. One wheel 
is the wheel of reproduction; its respon
sibilities include not only the events that 
take place at division but also the defi
nite preparations that precede division. 
The preparations are easily character
ized: They are not vital to the survival of 
the cell at the time they take place, and 
they do not take place at all in cells that 
are destined not to divide. Perhaps the 
best example of such a preparatory ac
tivity is the replication of the genetic 
material in the chromosomes. A cell does 
not need to replicate in order to stay 
alive. Indeed, the replication has one 
meaning only: it expresses the intention 
of the cell to become two cells instead of 
one. The second wheel of the cell cycle 
is overall cell growth, the doubling of all 
the supplies and equipment that keep 
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When the replication of DNA is terminated, the cell enters the G2 
phase (left of center). In five more hours the cell has become twice 
its original size and is ready to enter the M phase (right of center). 
In this phase, which is the period of mitosis, the chromosomes 
have condensed into visible threads, the contents of the nucleus 

have mingled with the cytoplasm, and the molecules in the cyto· 
plasm needed to move the chromosomes (color) have assembled 
into a mitotic apparatus. The chromosomes move apart; the par· 
ent cell, having doubled, is now halved by being pinched in two, 
and identical daughter cells begin the cycle all over again. 

the cell viable and that will become the 
dowries of the daughter cells. 

Nature tells us some of the reasons 
the cell·cycle program requires a certain 
minimum amount of time. Consider the 
eggs of animals: special kinds of cells 
that have been fattened up in advance 
and are full of the kinds of molecules 
that are usually produced only by grow· 
ing cells. When the egg cell begins to di
vide, it divides again and again into 
smaller and still smaller cells. Its cell 
cycle, which requires no growth but 
only preparations for division and the 
act of division itself, may be completed 
in an hour or less. Short time intervals 
such as this tell us that the reproductive 
"wheel" of the cell cycle can rotate quite 
rapidly all by itself, but that the two 
wheels together travel less swiftly be
cause the growth wheel requires time to 
produce the raw materials and machin
ery that the reproductive wheel must 
have. 

Today's analysis of the individual 
phases that make up the cell cycle uses 
as its principal signposts the replication 
and division of deoxyribonucleic acid 
(DNA), the genetic material in the cell 
nucleus. This is logical; the mere nu
merical multiplication of cells can only 
be called true reproduction because the 
genetic material of the cells is exactly 
doubled and equally divided in the 
course of each cycle. Although the proc
ess of cell division had been studied in
tensively for more than half a century, 
not until about 1950 was it realized that 
the chromosomes, which carry the DNA, 
replicate during interphase and only sep
arate during division. It can be proved 
that DNA doubles during only one part 

of interphase. That proof came in the 
1950's with the development of refined 
techniques for autoradiography. Newly 
available radioactive isotopes made it 
possible to supply cells with radioactive 
ingredients out of which DNA would be 
made. The nuclei of those cells in which 
the DNA was being replicated, and only 
those cells, became radioactive and reg
istered their presence on a photographic 
emulsion. Following cells through their 
cycles, we found that they began to dou
ble their DNA at a certain time in inter
phase and completed the doubling be
fore the end of interphase. 

The phases now used to express the 
timetable of the cell cycle were first de
fined in 1953 by Alma Howard and 
Stephen Pelc, who were working at 
Hammersmith Hospital in London. They 
called the period of DNA replication the 
S phase; this period provides the land
marks by which other phases are de
fined. Usually some time elapses be
tween the "birth" of the cell at division 
and the beginning of DNA replication; 
that interval is called the Gl phase. By 
the time the S phase is completed the 
cell is usually not ready to divide, and 
the interval between the end of S and 
the onset of cell division is called the G2 
phase. The completion of G2 is marked 
by the beginning of the period of cell di
vision variously known as the M phase 
(for mitosis) or the D phase (for division). 

The duration of the Gl, S, G2 and M 
phases is different in different kinds of 
cells, but the variations between indi
vidual cells of the same kind are small. 
For that matter, the variations between 
different kinds of cells are not, huge. We 
can even, with due caution, speak of a 

typical cell cycle. For example, the time
table of a human cancer cell grown in 
culture is as follows: eight hours in the 
Gl phase, six hours in the S phase, four 
and a half hours in the G2 phase and one 
hour in the M phase. This does not differ 
very radically from the timetable of the 
cells in the root tip of the broad bean: 
G1 four hours, S nine hours, G2 three 
and a half hours and M 1 14 minutes. 
Even when there are variations between 
cell cycles, they show some uniformity. 
For example, the duration of all the 
phases may vary, but by far the greatest 
variation is found in the Gl phase. When 
a cell cycle is long, most of the prolonga
tion is in the Gl phase; when a cell cycle 
is very short, as it is in egg cells, there 
is no measurable Gl phase at all. Con
versely, the duration of the S and G2 
phases can be remarkably constant. For 
example, in most mammalian cells the S 
phase lasts from six to eight hours and 
the G2 phase lasts from three to five 
hours. The Gl phase, however, may be 
as short as a few hours or may take days 
or even weeks. 

The Events of Interphase 

In its variability the Gl phase is trying 
to tell us something important about the 
cell cycle, but we do not understand 
the message very clearly. Hidden some
where in the cell's overall growth during 
Gl must be some key processes that 
make it possible for the cell to enter the 
S phase and thereby commit itself to di
vision in the future. In speaking of the 
events of the S phase it is an understate
ment to characterize them solely as 
"DNA synthesis" or "DNA doubling." 
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This, to be sure, is the phenomenon we 
measure, but the significance of the S 
phase is not in the mere doubling of the 
amount of the chemical DNA but in the 
exact replication of the chromosomes. 
Let us consider the DNA of a human 
cell at the beginning of the S phase. We 
can think of it as consisting of 46 threads 
with an aggregate length of six or more 
feet, packed into a nucleus that is less 
than four ten-thousandths of an inch in 
diameter. The process of replication re
quires making a copy of each of the 46 
threads. 

This process would be complicated 
enough if replication began at one end 
of each thread and traveled along it to 
the other end, but that is not how it 
works. Instead each thread replicates in 
segments according to a definite pro
gram. The segments do not replicate in 
tandem in any one chromosome, nor 
does any one chromosome complete its 
replication before another chromosome 
begins the process. Because the replica
tion program is reasonably constant we 
are beginning to know which parts of 
which chromosome replicate first and 
which last. We also know that when the 
last segments are replicated, DNA syn
thesis shuts down and cannot resume 
until the next cycle. 

Turning briefly to the G2 phase, all 
we now know is that it embraces the fi
nal steps in the cell's preparations for di-

vision. If we arrest the synthesis of pro
teins by the cell during the G� phase, the 
cell will not divide. We know few other 
facts about what happens in G2• The cell 
is nonetheless telling us in blunt lan
guage that it will enter division only 
when it is good and ready, and that it 
will not even try to divide if it is not 
fully prepared. 

By following the increase in the 
amounts of enzymes within the cell it is 
possible to study the life history of the 
cell at the chemical level. The enzymes 
are the substances that define the bio
chemical capabilities of the cell at any 
given time. Just as we might visualize 
cell growth as a steadily accelerating 
process, so we might conceive of the 
cell's biochemical history as a record of 
steadily making more of everything. This 
is not so; different enzymes have differ
ent histories. Mitchison has found that 
enzymes fall into groups with three kinds 
of history. Some he calls continuous en
zymes; they follow the exponential path 
and increase in a predictable way as the 
cell grows. Others Mitchison calls step 
enzymes; these increase abruptly at cer
tain points in the cell cycle, different 
step enzymes increasing at different 
points. The third group Mitchison calls 
peak enzymes; they increase at certain 
points in the cycle and decrease there
after, as if they were meant to carry out 
a particular job at a particular time and 

were discarded after the job was done. 
For example, the enzymes involved in 
making DNA are evidently peak en
zymes that appear only during the S 
phase. 

The existence within the cell of differ
ent programs for producing enzymes in 
the cell cycle leads us to broader ques
tions. The very idea of programs turns 
our attention to the ultimate source 
of reproducibility in living things: the 
genes. It is a tenet of molecular genetics 
that a cell's production of any enzyme is 
the end result of a "readout" of a gene 
for that enzyme. The program for en
zyme production during the cell cycle 
ought to tell us something about the pro
gram of the gene readout. Going a step 
further, we shall recall the consistency 
of the timetable of the phases of the cy
cle itself and ask whether genes deter
mine the advance of the cell cycle from 
one phase to the next. Several geneticists 
who use one-celled organisms in their 
experiments have answered the question 
affirmatively by identifying specific 
genes that control specific steps in the 
cell cycle. 'vVhen the genes are made un
workable by means of mutation, the cell 
simply "gets stuck" at some pOint in the 
cell cycle and cannot advance beyond 
that point. Leland H. Hartwell of the 
University of Washington has described 
a number of such gene mutations in 
yeasts; each of the mutant genes, when 

SURFACE CHANGES in shape and texture are characteristic of hamster 
ovary cells grown in the laboratory. Daughter cells (left), just entering 
the G1 phase, still have "hairy" surfaces; the projections may be rem· 
nants of the longer strands that are abundant in the M phase (see photo
graph on page 54). The newborn cells are just beginning to spread out 

on the substrate; the smaller smooth sphere is a fragment of 
cell cytoplasm and not a living cell. The flattened cells (left 
of center) have reached a late stage in the G1 phase; their 
surfaces are covered with microvilli (small hairs) and blebs 
(blisterlike spheres). Several have established contact with 
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normal, had acted at a different point in 
the yeast cell cycle. 

Changes in the cell as it goes through 
the cell cycle can be seen even in its su
perficial appearance. Working with the 
scanning electron microscope, Keith R. 
Porter, David Prescott and Jead F. Frye 
of the University of Colorado have made 
portraits of one kind of cell in various 
phases of the cycle. The cells were Chi
nese hamster ovary cells grown on labo
ratory cultures. During the M phase the 
cells are spherical and are not strongly 
attached to the substrate they grow on. 
As the cells enter the G1 phase they be
gin to flatten, and the cell surface exhib
its bubblelike blisters and fingerlike pro
jections known as microvilli. As the G1 
phase progresses, the margins of the 
cells become thin and active and present 
a ruffled appearance. During the S phase 
the appearance of the cell surface 
changes again: the cells flatten out and 
their "complexion" becomes smooth. 
Going through the G2 phase the cells 
thicken once more: their surfaces again 
show microvilli and ruffles, although the 
blisters of the G1 phase are much less 
abundant. Thus at least one kind of cell 
from one kind of mammal seems to re
flect in its physiognomy the. sequence of 
events in progress within it. 

I have characterized the cell cycle as 
a progress through time; the cell changes 
radically in the course of the cycle and 

we are able to recognize distinct phases 
along the way. The phases, of course, 
could be of our own invention. The 
progress of the cell cycle could in fact be 
perfectly smooth, and the phases we 
have detected could be no more signifi
cant than signposts on a straight high
way or numbers on the face of a clock. 
At the same time it is also possible that 
the phases we recognize are both real 
and distinct one from the other and that 
the progress from one phase to the next 
requires a definite event; a metaphorical 
whistle may have to be blown, a switch 
pulled or a signal given. The highway 
may be a toll road and the cell may be 
required to pay its way through a series 
of gates. 

At present much of our evidence fa
vors this second view and suggests that 
the transition from one phase of the cell 
cycle to the next calls for a distinct 
event. \Ve have long been aware of the 
existence of what I have called "points 
of no return" in the cell cycle. For exam
ple, work in Erik Zeuthen's laboratory in 
Copenhagen has demonstrated that cell 
division in the protozoan Tetrahymena 
could be prevented by raising the tem
perature of the environment before a 
definite point in the cell cycle. Once that 
point was passed, however, exposure to 
high temperatures would not prevent 
division; evidently the protozoans had 
passed a point of no return. Moreover, 

the decisive point was passed some time 
before any sign of division appeared. 

The Two Crucial Signals 

Of all the transitions in the cell cycle 
that we know the two most important 
are the transition from the G1 phase to 
the S, when the replication of the chro
mosomes starts, and the transition from 
the G2 phase to the M, when the chro
mosomes condense and mitosis begins. 
A discovery in the field of animal virol
ogy has provided a new and powerful 
means of studying the two crucial tran
sitions. It appears that certain viruses, 
sometimes called Sendai viruses, alter 
the membranes of cells in such a way 
that two or more adjacent cells can fuse 
into one cell. The new cell contains the 
cytoplasm and the nuclei of all the cells 
within a common membrane. Even more 
remarkable, very different kinds of cells, 
and even cells from different species of 
animals, can be fused by the action of 
the virus and form hybrids that not only 
conduct normal processes but also repro
duce as hybrids. 

By fusing cells that are in different 
phases of the cell cycle we can obtain 
direct answers to the question of wheth
er "switches" exist that move a cell from 
one phase of the cycle to the next. Work
ing at the University of Colorado Medi
cal Center in Denver, Potu N. Rao and 

adjacent cells. The even flatter cells (right of center) have 
entered the S phase. Their surfaces are free of hlebs and the 
microvilli are fewer and less prominent. On some parts of the 
cells' edges vertical "ruffies" (light areas) have appeared. Next 
(right) the cells have entered the G2 phase. Ruffies are still 

present; the microvilli are more prominent and one cell (foreground) 

shows an array of blebs. The significance of the surface changes is not 
yet wholly understood, but their coincidence with the four cell.cycle 
phases suggests that cell membrane is active in the cycle. Like the micro. 
graph on page 54, these are hy Keith R. Porter and his colleagues. 
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CHROMOSOME REPLICATION, the key event in the S phase of 
the cell cycle, is seen in the micrograph (lOp) as it progresses in a 
fruit·f1y egg. The seemingly tangled strand in the micrograph is the 
DNA from the replicating chromosomes. The accompanying map 
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of the strand (bottom) locates the four areas where segments have 
begun the process of replication (color); the arrows point to the 
forks in the replicating segments. Both the micrograph and the map 
are the work of David R. Wolstenholme of the University of Utah. 
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Robert T. Johnson have merged cells in 
the S phase ,"ith cells in the G1 phase 
and found that the nuclei of the G1 cells 
began to make DNA long before they 
would normally have done so. 

This result clearly demonstrated that 
a cell in the S phase contains something 
that triggers DNA synthesis, whereas 
this something is absent from a cell that 
has not completed its G1 phase. Exactly 
the opposite result could easily have 
been predicted. For example, it is logical 
to propose that a cell remains in the G1 
phase because it contains something that 
keeps DNA synthesis turned off. Such a 
hypothetical inhibitor, if placed in con
tact with the nuclei of cells in the S 
phase, would presumably halt any fur
ther synthesis of DNA by the S-phase 
nuclei. 

Further insight into phase-control 
switches comes from experiments in
volving the hybrids made by the fusion 
of kinds of cells whose normal cell-cycle 
schedules are different. For example, 
Jennifer Graves of the University of Cal
ifornia at Berkeley grew hybrids of 
mouse and hamster cells. Hamster cells 
normally have a shorter G1 phase than 
mouse cells, so that if each cell nucleus 
in the hybrid cells had followed its 
normal timetable, the hamster nucleus 
would have begun DNA synthesis some 
time earlier than the mouse nucleus. Ac
tually both nuclei began synthesis at the 
same time. Moreover, the shift to the 
S phase occurred after the shorter G1 in
terval of hamster cells. Evidently what
ever turned on DNA synthesis in the 
hamster nuclei also turned it on in the 
mouse nuclei. 

In a further experiment Graves fol
lowed the S phase to the end. Once the 
nuclei had entered the S phase, the nu
cleus of each species followed its own 
characteristic replication timetable and 
its own replication program. Those parts 
of the chromosomes that replicated first 
in the parent cell replicated first in the 
hybrids and those that normally repli
cated last in the parent were last in the 
hybrid. Evidently the signal for starting 
the S phase has no control over what 
happens once the phase has started. In
stead the replication program character
istic of each species must somehow be 
contained in the nucleus of that species' 
cell. 

These experiments with fused cells 
provide some answers about the role of 
switches in the cell cycle. They tell us 
that there is a something that is respon
sible for starting the replication of chro
mosomes. The something, moreover, 
pervades the cell; it can force any nu-

cleus, ready or not, to enter the S phase. 
If the something is a special kind of 
molecule that can switch on replication, 
then its identification will be an impor
tant discovery indeed. It is also possible 
that the signal for starting chromosome 
replication is not a special molecule' but 
is instead some change in the internal 
environment of the cell. This is a watery 
medium; its variables are the concentra
tions of ions and small molecules and its 
acidity or alkalinity. Assuming that the 
ingredients and enzymes needed for 
chromosome replication are all present, 
then a change in such simple factors as 
these could be responsible for switching 
on the replication process. "Simple" is 
not the word. We do know that most of 
the reactions and functions in cells are 
extremely sensitive to such variables but 
we do not know much about how they 
act or how the cell changes them. 

An example of such an environmental 
signal comes from my own recent work 
with the unfertilized eggs of sea urchins. 
Egg cells are loaded with the ingredients 
and enzymes needed for replication. No 
replication occurs in the unfertilized 
egg, but within minutes after fertiliza
tion the replication process is turned on 
and running at high speed. I found that 
I could turn on the process in unfertil
ized eggs simply by adding a little am
monia to the seawater that bathed them. 
The ammonia easily penetrates the cell 
membrane and has the effect of making 
the cell interior more alkaline. 

As I interpret this result, a change in 
the cells' internal environment (in this 
instance the environment of a cell that 
is otherwise ready to begin chromosome 
replication) switches on the replication 
process. The ammonia-treated egg none
theless remains an unfertilized egg and 
can even be fertilized later, showing that 
the ammonia treatment is not a substi
tute for fertilization. Instead the ammo
nia treatment is a bypass, mimicking 
something that normally happens only 
after fertilization. Many other experi
ments show that the cell cycle is sensi
tive to simple factors present in the envi
ronment external to the cell, for example 
ions of hydrogen, potassium and calci
um. Learning how factors in the external 
environment act through the cell mem
brane to influence the cell's internal en
vironment is vital to an understanding of 
cell-cycle controls. 

Virus-induced cell fusion has also 
been used to study the other key event 
in the cell cycle: entrance into the M 
phase. This is the period of cell division, 
characterized by condensation of the 
chromosomes. In condensation the clno-

mosomes pack themselves into threads 
that are visible under the microscope. At 
Denver, Johnson and Rao have induced 
cells in the M phase to fuse with cells 
that are at other phases in the cell cycle. 
If an M-phase cell is fused with a cell in 
the G2 phase, the G2 nucleus gives rise 
to normal-looking condensed chromo
somes. The chromosomes are double, as 
would be expected because they had un
dergone replication in the preceding S 
phase. When, however, an M-phase cell 
is fused with a cell in the G1 phase, 
thereby forcing the chromosomes of the 
G1 nucleus to condense before replica
tion, the chromosomes are seen to be 
single rather than double. 

The third possible combination, the 
fusion of an M-phase cell with a cell in 
the S phase, produces a result so star
tling that it has still to be digested. The 
chromosomes of the S-phase nucleus do 
condense, but they condense in small 
fragments. The effect is called "pulver
ization" [see illustration on page 63]. 
Evidently in the M phase there is a 
something that forces chromosomes to 
condense even when they are obviously 
not ready to do so. Whatever the some
thing is, it appears to work on any kind 
of cell; hybrids have been produced that 
combine the cells of animals that are 
only remotely related, for example the 
cells of men and toads, and the experi
mental results are the same. If one cell 
contains condensed chromosomes, it can 
force premature chromosome condensa
tion in the other cell. 

The Cycle in Societies of Cells 

The governance of an organism such 
as a higher animal, which is a society of 
cells, dictates that some of the cells in 
the society will reproduce and that oth
ers will not. In general the cells of tis
sues that perform special services for the 
entire organism, such as cells of the ner
vous system and the muscular system, do 
not reproduce at all. In other tissues, 
such as skin, the blood-forming system 
and epithelial linings, the rate of produc
tion of new cells is nicely modulated to 
compensate for the continual loss of old 
cells. In still other instances, notably in 
immunity reactions and the healing of 
wounds, cell multiplication is turned on 
as a bodily response to external provoca
tion. Only in instances of malignant can
cer do body cells defy the governance of 
the organism and go through their cycles 
anarchically. There is nothing special 
about the cell cycle in cancer cells com
pared with other cells that reproduce; 
the tempo and the phases of the cycle 
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are the same. It is only that cancer cells 
repeat the cycle without restraint. The 
private impulses of the individual cells 
have become a malignancy for the so
ciety of cells as a whole. 

Our clues to the means by which re
production in a society of cells is gov
erned come from detailed analyses of the 
cell cycle. The chief clue is a very simple 
one: cells that do not divide never enter 
the S phase. Conversely, cells that do en
ter the S phase almost always complete 
that phase and go on to divide; replica
tion of the chromosomes is evidently a 
commitment to ultimate division. Thus 
the control of cell division lies in the 
supervision of one decision: whether or 
not a cell will enter into replication. This 
is true but it is too simple. Cells that are 
not destined to divide are not cells stuck 
at the transition from the G1 phase to the 
S phase, waiting indefinitely for the sig
nal to begin replication. Some students 
of the cell cycle prefer to think of them 
as cells that have not entered the cycle 
at all. In this view two kinds of cells are 
distinguished: cycling and noncycling. 
In the body many kinds of specialized 
cells are noncycling cells whose progress 
toward division is permanently shut 
down. We think of the shutdown as the 
result of the action of the body's govern-

ment. Many kinds of cells that have left 
the cycle can be made to reenter the cy
cle by putting them under culture in the 
laboratory, thus removing them from the 
governance of the body. Agents that 
cause cancer must cause noncycling cells 
to reenter the cycle. 

At the same time the conversion of 
noncycling cells to cycling cells can be 
normal and important. An example is the 
lymphocyte in higher animals. In these 
small cells growth and division are shut 
down most of the time. In immunity re
actions, however, lymphocytes begin to 
grow and divide, producing cells that 
contribute to antibody formation. Non
cycling lymphocytes can also be trans
formed into cycling ones in the labora
tory by exposing them to certain plant 
proteins known as lectins. When non
cycling lymphocytes are thus artificially 
stimulated, nearly a day passes before 
they enter the S phase and begin chro
mosome replication. The transformation 
has been observed in some detail. For 
example, Lawrence A. Loeb and his col
laborators at the Institute for Cancer Re
search in Philadelphia have learned that 
the stimulated lymphocytes need to pro
duce the enzymes required for the rep
lication process as a preliminary to en
tering the S phase. They are far from be-

CHROMOSOME CONDENSATION can be forced on cells in other phases of the cycle by 
inducing fusion with a cell in the M phase. Here prematurely condensed chromosomes of 
a cell in the G1 phase appear as strands of chromatin (center). Not having replicated, the 
strands are single, unlike the doubled chromosomes of the M phase cell (left and right). 
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ing stuck in the G1 phase, ready to go 
into the S phase when signaled. When 
stimulated, it appears, a noncycling cell 
must first do the things that a cycling 
cell does in the G1 phase. 

The influence a cell society exercises 
over the cell cycles of its individual 
members is observable in quite simple 
social situations. One example is the 
"contact inhibition" that is studied in 
laboratory cultures of mammalian cells. 
The cells normally grow and multiply on 
a solid substrate, such as the bottom of 
a dish or flask. Their growth ceases, how
ever, at the point where a certain popu
lation density is reached. This is when 
the substrate has become covered by a 
single layer of cells. As Harry Rubin of 
the University of California at Berkeley 
has shown, contact inhibition can be 
overcome by infecting the cell culture 
with a cancer virus. The infection trans
forms the cells in a number of ways. 
They may change in appearance. They 
are no longer confined to a single-layer 
conformation but will grow on top of one 
another. If put into a host animal, they 
will grow in its body as cancer cells. 

As in the body, the control of cell re
production in contact inhibition is 
achieved by shutting down the cell cycle 
before the cell enters the S phase and 

SECOND KIND OF FUSION, between an 
M.phase cell and a cell that has undergone 
S.phase chromosome replication and entered 
the G2 phase, also brings about a premature 
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chromosome replication begins. What
ever the means may be, it is an effect of 
the cell society as a whole on its indi
vidual members. This can be demon
strated experimentally as follows. If a 
single-layer sheet of cells is punctured 
or otherwise wounded, the cell cycle 
resumes. This happens in all parts of 
the culture and not only among the 
cells along the edge of the wound, and 
reproduction persists until the empty 
space is filled. The cell cycle is then shut 
down. 

We can hardly imagine that the cycle 
is shut down merely by the exchange of 
gentle caresses between adjacent cells. 
For one thing, different kinds of cells 
will grow to different degrees of crowd
ing under different conditions before the 
. cycle is halted. For another, contact in
hibition can be overcome by making 
changes in the environment, for exam
ple by adding large amounts of blood 
serum. Moreover, some kinds of cells are 
not subject to contact inhibition at all. 

The study of the cell cycle has led us 
to some understanding of the govern
ance of cell reproduction as seen from 
inside the cell. We know that the key 
event will be found in the supervision of 
the sequence leading to the switching on 
of chromosome replication. At the same 

condensation of the G2·phase cell's chromo· 
somes. In this instance, because the cell's 
chromosomes have undergone replication, 
strands of chromatin (center) are doubled. 

time studies of the cell cycle in whole 
organisms, or even in simple societies 
such as the contact-inhibitable cell cul
tures, direct us to a further question: 
How are inside events dictated from the 
outside? 

We can narrow the question in vari
ous ways. Does the society give its com
mands to the cell cycle by circulating 
hormonelike agents? Examples of such 
possible agents are the chalones inves
tigated by W. S. Bullough of the Univer
sity of London and the promine and 
retine being studied by Albert Szent
Gyorgyi at the Marine Biological Labo
ratory in Woods Hole, Mass. There is 
also much evidence that variations in the 
ordinary ions and small molecules of the 
cell's external environment can dictate 
cell cycles . 

The Cycle and the Cell Surface 

Any influences the outside may have 
on the inside are monitored by the cell 
membrane. The part played by the cell 
membrane in the governance of cell re
production is now being examined with 
both interest and excitement. The cell 
biologists' passionate concern with the 
cell membrane can be summarized in a 
statement that sounds sarcastic: When-

ever our ordinary explanations break 
down, we like to say that the final ex
planation will be found in the cell mem
brane. This is not really sarcasm. The cell 
membrane is not a wall or a skin or a 
sieve. It is an active and responsive part 
of the cell; it decides what is inside and 
what is outside and what the outside 
does to the inside. Cell membranes have 
"faces" that enable cells to recognize and 
influence one another. The membranes 
are also communications systems. Things 
outside a cell do not necessarily act on 
the cell interior by passing through the 
membrane; they may simply change the 
membrane in some way that causes 
the membrane, in turn, to make changes 
in the cell interior. 

Today cell surfaces are being ob
served in a variety of ways; for example, 
we have seen how scanning electron mi
croscopy is used to examine the outer as
pect. Another example is the measure
ment of membrane potentials: the use of 
electrodes to determine the difference in 
voltage between the interior and exterior 
environments. One group of workers in 
the Department of Embryology of the 
Carnegie Institution of Washington has 
found that the membrane potential 
changes during the cell cycle, and fur
thermore that the cell cycle will be halt-

THIRD KIND OF FUSION, between a cell in the M phase and a cell in the S phase, has a 
peculiar outcome. The prematurely condensed chromatin does not form strands but instead 
is fragmented and pulverized (right). The three experiments were conducted by Potu 
N. Rao and Robert T. Johnson at the University of Colorado Medical Center in Denver. 
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ed by changes in the external environ
ment that induce changes in membrane 
potential. At the University of Miami 
School of Medicine, Werner R. Loewen
stein's group has made electrode studies 
of the junctions between cells in contact 
with each other. The channels that the 
junctions provide allow ions and small 
molecules to pass between the cells. 
They have found evidence suggesting 
that contact-inhibitable cells make junc
tions, whereas junctions are not formed 
between cells that are not. 

The study of surface differences be
tween cells that are contact-inhibitable 
and cells that are not is being hotly pur
sued because one key to the governance 
of the cell cycle may be found here. The 
surfaces of the two kinds of cells are 
different. Max M. Burger of Princeton 
University was the first to find that the 
membrane of contact-inhibitable cells 
reacts with those plant proteins that 
induce cycling in noncycling lympho

cytes. The reaction is easy to observe; 
when the protein is present, the cell sur
faces become sticky and the cells clump 
together. Cells that are not contact
inhibitable are unaffected by the pres
ence of the protein, Cell-surface studies 
such as these are progressing rapidly. If 
the governance of the cell cycle can be 
revealed by the cell's surface, then there 
is every reason to look to the cell mem
brane for the links between the govern
ment and the governed. 

Today any student of the cell cycle 
can expect to be asked just how the cell 
cycle relates to the cancer problem. If 
understanding plays some part in the 
solution of problems, it can be said that 
the cancer problem is the cell-cycle 
problem . Cells either grow and divide 
without external restraint or they do not. 
The many kinds of malignant growth 
that are called cancer have only one 
lethal attribute in common: all such cells 
pursue the cell cycle without restraint. 

Studies of the cell cycle as viewed 
from the interior of the cell tell us what 
must be restrained: the entrance of the 
cell into the S phase and chromosome 
replication. The restraint must come 
from outside the cell. Cells alone do not 
switch their cycles on and off, but the 
governance of the cell cycle from the 
outside is seen in simple collectives, such 
as contact-inhibited cultures, as well as 
in the complex society represented by 
the whole body. Finally, studies of the 
cell membrane search for the means 
whereby outside things control inside 
events. Inside, outside or surface; any 
of the three could equally well give us 
the weapons needed for an attack on un
controlled growth. 
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THE AGE OF THE ELEMENTS 

Study of the fonnation and spontaneous decay of radioactive 

nuclei can reveal when certain of the elements were created. 

From this information one can infer the age of the u niverse 

F
or as long as man has been able to 
think abstract thoughts he has won
dered about the nature of the uni

verse, including its origin and age. The 
age can be estimated by studying the 
process of radioactive decay, which has 
been going on for billions of years. Dur
ing this period the mechanisms of the 
process have not changed; more impor
tant, the rate of decay has been constant 
since the elements were first formed. 
Today we can be confident that a sample 
of uranium 238, no matter what its ori
gin, will gradually change into lead, and 
that this transmutation will occur at a 
rate such that half of the uranium atoms 
will have become lead in 4.5 billion 
years. There is no reason to believe that 
the nature or the rate of this process was 
any different in the very remote past, 
when the universe was new. 

hy David N. Schramm 

The history of these countless nuclear 
events is written in the chemical ele
ments out of which the earth and the 
rest of the universe are made. By prop
erly interpreting this history we can as
sign a date to the formation of those ele
ments. From this date we can infer the 
age of the universe itself. The scientific 
discipline that is concerned with these 
techniques is called nucleocosmochro
nology. 

There are several other ways in which 
the age of the universe can be deter

mined. One celebrated calculation was 
made by the Anglican archbishop James 
Ussher in 1658. By adding up the gener
ations enumerated in the Bible he fixed 
the time of the Creation at 4004 B.C., 
which would make the present age of the 
universe 5,978 years. More recent mea-

surements differ from this figure by six 
orders of magnitude. The uncertainty of 
the modern calculations, however, is 
thought to be a few billion years, where
as Archbishop Ussher considered his 
date accurate to within one year. 

Besides nucleocosmochronology the 
two principal means of dating cosmo
logical events are measurements of the 
expansion of the universe and observa
tions of the stars in the globular clusters 
associated with many galaxies, includin g 
our own. Both techniques require pre
cise measurements of astronomical phe
nomena. 

That the universe is expanding was 
first noted by Edwin P. Hubble in 1929. 
The expansion is now generally conced
ed to be explained by some version of the 
"big bang" theory of cosmology. In this 
theory the universe is considered to be 

SUPERNOVA in a galaxy in the constellation Coma Berenices was 

at maximum brightness when the photograph at left was made in 

May, 1940. Eight months later, when the photograph at right was 

exposed, the supernova had greatly dimmed. All the elements 

heavier than bismuth are thought to be formed only in supernovas. 

Because these elements decay radioactively one can calculate when 

they formed and thus when the first supernovas occurred. The pho. 

tographs were made with the 100·inch telescope on Mount Wilson. 
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EXPANSION OF THE UNIVERSE, as measured by the recession of distant astronomical 

objects, provides one method of dating the "big bang." The rate of expansion can be de· 

termined at the point marked "Now." This rate alone, however, cannot reveal whether the 
universe will continue to expand forever (colored curve) or will collapse again under its 

own gravitation (black curve). The maximum age given by this method ranges from 10 to 

20 billion years; the accepted best value is about 18 billion years. The minimum age is 

half the maximum. Events before the big bang (broken lines) are in the unknowable past. 
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AGES OF STARS in globular clusters ,provide another measure of the age of the universe. 

In these Hertzsprung.RusselI diagrams the diagonal band is the main sequence, which de· 

scribes the characteristics of all stars when they are formed (I). With the passage of time 
stars leave the main sequence, starting with the most massive ones at the upper left (2), then 

proceeding down the curve (3,4). By finding at what point on the curve stars leave the main 

sequence today one can estimate when the globular clusters were formed. Icko Iben, Jr., 
and Robert Rood recently calculated that the globular clusters are 13 ± 3 billion years old. 
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exploding from a very dense, hot, pri
mordial state. The rival "steady state" 
theory, which postulates an infinite age, 
is refuted by the observation of the 
thrce-degree black-body background ra
diation [sce "The Primeval Fireball," by 
P. J. E. Peebles and David T. Wilkinson; 
SCIENTIFIC AMETIlCAN, June, 1967]. 

The universe did not necessarily begin 
with the big bang. It is possible it was 
once a rarefied gas that collapsed, ex
ploded and will now expand forever. It 
is also possible that it began in the con
densed state and will return to it; in fact, 
it could repeat this cycle over and over 
again. Our universe, however, did begin 
with the primordial explosion, since we 
can obtain no information about events 
that occurred before it. The age of the 
universe, therefore, is the interval from 
the big bang to the present [see top illus
tration at left]. 

Allan R. Sandage, working with the 
200-inch Hale telescope on Palomar 
Mountain, has recently remeasured the 
rate of expansion. His calculations indi
cate that if the rate has been constant 
since the big bang, then the age of the 
universe is 18 billion years. This is an 
upper limit of the age, sometimes called 
the "Hubble time"; it is the correct age 
only if the rate of expansion has not 
changed. Since gravitation tends to di
minish the rate of expansion, the uni
verse must be somewhat younger than 
the Hubble time. This deceleration has 
not been measured, but Sandage has de
termined its maximum value by noting 
that if it exceeded that value, it would 
cause effects that have not been ob
served. Thus his obselvations also supply 
a lower limit to the age of the universe: 
it probably cannot be younger than 
about half the Hubble time. The uncer
tainty of these measurements is consid
erable: the Hubble time could range 
from 10 to 20 billion years, and the mini
mum age as determined by this method 
could therefore be from five to 10 billion 
years. 

The second astronomical method of 
dating the universe depends on the 

singular properties of the globular clus
ters [see "Globular-Cluster Stars," by 
Icko Iben, Jr.; SCIENTIFIC AMERICAN, 
July, 1970]. Calculations of stellar evo
lution enable us to estimate the age of a 
star if we know its mass, its luminosity, 
its composition and its surface tempera
ture. The composition and surface tem
perature can be inferred from the star's 
spectrum; in most cases the mass and lu
minosity, however, can be determined 
only if we know the distance to the star. 
The globular clusters provide a unique 
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set of specimens for these calculations. 
All the stars in a given cluster were 
formed at about the same time and out 
of the same material. Moreover, they are 
all at approximately the same distance 
from us. 

When the surface temperature of a 
group of stars is plotted against the lu
minosity, the relatively young stars 
fueled by the nuclear fusion of hydrogen 
form the diagonal band called the main 
sequence; the more massive stars are in 
the bright-hot region, the less massive 
ones in the cool-dim region. This is the 
Hertzsprung-Russell, or H-R, diagram, 
named for Ejnar Hertzsprung and Henry 

104 (Kr) 

103 (Lw) 

102 (No) 

101 (Mv) 

100 (Fm) 

99 (Es) 

98 (Cf) 

97 (Sk) 

96 (Cm) 

a: w 95 (Am) In 
::;; 
:J 94 (Pu) Z 
u 
� 93 (Np) 
0 t-

92 (U) <{ 

91 (Pa) 

90(Th) 

89 (Ac) 

88 (Ra) 

87 (Fr) 

86 (Rn) 

85 (At) 

84 (Po) 

83 (Si) 

82 (Pb) 

Norris Russell. When the hydrogen in 
the core of a star is exhausted, it moves 
off the main sequence, soon becoming a 
red giant. Massive stars leave the main 
sequence much faster than less massive 
ones. In a population of stars that were 
all formed at about the same time one 
can therefore estimate the age of the 
stars merely by determining at what 
point on the H-R diagram the stars are 
no longer on the main sequence [see bot
tom illustration on opposite page J. 

Icko Iben, Jr., and Robert Rood have 
recently calculated that the globular 
clusters were formed 13 ± 3 billion 
years ago, an age consistent with the 

nine to 18 billion years given by the rate 
of expansion of the universe. (Of course, 
the actual age of the universe must be 
greater than the age of the globular clus
ters, but it is thought that the clusters 
formed much less than a billion years 
after the big bang.) 

As in the determination of the Hubble 
time, there is considerable uncertainty in 
these calculations. The principal sources 
of this uncertainty are in the theoretical 
calculation of stellar evolution and in the 
determination of stellar composition. Be
cause of the inherent limitations of these 
methods a third, independent technique 
can provide an important means of con-
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ATOMIC MASS 

PRODUCTION OF FOUR ELEMENTS that serve as nucleochro· 

nometers is portrayed schematically. The chronometers (solid black 

circles) are thorium 232, uranium 235, uranium 238 and plutonium 

244. The r process, or rapid process (gray band), produces nuclei 

with an excess of neutrons; these nuclei decay by beta emission 

until they reach a region where the ratio of protons to neutrons is 

stable. In beta decay the atomic mass does not change but the atom· 

ic number increases by one. The beta· decay paths that contribute to 

the production of nucleochronometers are shown as black arrows. 

Other nuclei also decay by beta emission; these paths are shown 

by gray arrows. In the beta·stable region alpha decay predominates; 

in this process the atomic mass decreases by four and the atomic 

number decreases by two. Alpha emitters are shown as colored cir· 

cles; their decay paths are indicated by colored arrows. A few nu· 

c1ei sometimes decay by spontaneous fission and are thus removed 

from this mass region. The alpha. or beta·decay paths of the reo 

maining fraction are shown as broken arrows, and the percent of 

each nuclei that contributes to nucleochronometer production is 

indicated. Each of the chronometers consists of the nuclei produced 

at its own atomic mass and of the decay products of its progenitors 

of higher mass. Because each mass is produced in about equal 

abundance, the production rates can be estimated by adding up the 

numher of progenitors. For example, U·238 is a product of all the 

nuclei of mass 238, 242 and 246, and of 10 percent of the nuclei of 

mass 250, so that its production rate is 3.1. One chronometer (Pu· 

244) is among the progenitors of another chronometer (Th·232). 
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NUCLEO- PRODUCTION 
CHRONOMETER RA TIO 

ABUNDANCE 
RATIO 

Th-232/U-238 1 9 

U-235/U-238 1.5 

Pu-244/Th-232 .5 

1-129/1-127 1.5 

2.4 

.3 

.0062 

.0001 

a 2 3 4 6 7 

SINGLE·EVENT AGE (BILLIONS OF YEARS) 

FOUR PERIODS in the history of the universe are measured by 

four pairs of nucleochronometers. The production ratios are esti· 

mated from theoretical knowledge of nucleosynthesis; the abun· 

dance ratios are calculated from the observed abundance of the 

elements in meteorites today but are given as the ratios present 

when the solar system condensed. From these data a "single.eyent 

age" can be derived for earh of the pairs (white lines), although 

in some rases the uncertainty of the measurements is large (colored 

bands). Discrepancies between various single.event ages are caused 

by differences in the half·lives of the chronometers. Among long

lived chronometers, such as U-238, nuclei may survive from the 

earliest supernovas. Those that decay quickly, however, such as 

1·129, must be represented today only by nuclei created shortly be

fore the solar system formed 4.6 billion years ago (broken line)_ 

firmation. The use of radioactive nuclei 
to estimate the age of the universe is 
such a technique. 

In the primordial fireball with which 
we assume the universe began only the 
lightest elements-hydrogen, helium and 
possibly some lithium-could have been 
produced. All the rest of the elements 
had to have been synthesized later in 
stars [see "The Origin of the Elements," 
by William A. Fowler; SCIENTIFIC 
AMERICAN, September, 1956]. 

The stars of the main sequence, in
cluding virtually all the stars formed 
shortly after the big bang, are fueled by 
the fusion of hydrogen into helium. As 
we have seen, it is the exhaustion of the 
hydrogen in the core that causes a star 
to leave the main sequence. When the 
star becomes a red giant, its outer en
velope expands, but at the same time the 
core contracts gravitationally and grows 
hotter until a new fusion reaction is ini
tiated, burning helium into carbon. 
Eventually the helium too is exhausted 
and the star is left with a carbon core. 

The subsequent events depend on the 
mass of the star. A star with a mass less 
than about four times the mass of the sun 
will become a planetary nebula and 
leave behind a white dwarf. A star of 
from about four to about eight solar 
masses will probably explode as a super
nova when fusion begins in the carbon 
core. In this case a dense core of neu
trons may or may not remain after the 
explosion. This remnant, if it exists, is a 
neutron star rather than a white dwarf; 
the pulsars observed in some supernova 
remnants are thought to be neutron 
stars. 

A star of more than about eight solar 
masses probably also becomes a super
nova. When such a star explodes, it al
most certainly produces a remnant, 
which may be a neutron star or perhaps 
a black hole. It is in the explosion of 
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these massive stars that the elements 
from carbon to iron are formed. Iron is 
the last element in this sequence, how
ever. Fusion reactions involving iron 
cannot fuel stellar processes; all such re
actions absorb energy rather than re
lease it. Iron and certain closely related 
elements thus represent the end product 
of the nuclear process from which stars 
derive their energy. 

It should not seem surprising that all 
the heavier elements are formed in 

events that, compared to the number of 
stars, are rather rare. There have prob
ably been fewer than a billion super
novas among the 100 billion stars in the 
galaxy. More than 98 percent of the uni
verse is still hydrogen and helium, how
ever. Thus if supernovas are a relatively 
rare phenomenon, so are the elements 
they produce. 

The elements heavier than iron are 
formed primarily by the capture of neu
trons by nuclei of iron and its neighbor
ing elements. The capture occurs in two 
ways: by a slow process (called the s 
process) or a rapid one (the r process). 

The s process takes place in the en
velope of red-giant stars. In it neutrons 
are added to the nuclei one at a time 
over long periods, so that only relatively 
stable nuclei can be formed. Isotopes 
that decay quickly vanish before another 
neutron can be absorbed. For this reason 
the s process terminates with lead and 
bismuth; all heavier elements are radio
active to some degree, and those im
mediately following lead and bismuth 
are highly unstable. 

The r process presumably takes place 
only in supernovas and probably oper
ates in the region of the explosion just 
outside the neutron-star or black-hole 
remnant, where the neutron flux is in
tense. Under these circumstances neu
trons can be absorbed by nuclei in rapid 

succession, so that regions of great nu
clear instability are bridged. All the ele
ments heavier than bismuth are believed 
to be formed in this way. 

The nuclei initially produced by the 
r process are far too rich in neutrons to 
be stable or long-lived. As a result they 
immediately begin to seek more stable 
regions by beta decay. In this process a 
neutron emits an electron (and a neu
trino) and becomes a proton; the result is 
that the atomic mass remains nearly con
stant but the atomic number increases 
by one. Beta decay continues until a 
stable ratio of neutrons to protons is 
reached. For example, lead 232, formed 
in the r process, with 26 more neutrons 
than the stable isotope lead 206, decays 
through eight beta emissions to thorium 
232. 

The elements that at present make the 
most suitable nucleochronometers 

are formed by the r process. Since the 
process presumably operates only in 
supernovas, a date establishing the ori
gin of these elements in fact dates the 
supernovas. Most elements from carbon 
through iron are also formed in super
novas, so that this method truly yields 
the age of the elements. Moreover, from 
such calculations one can derive an age 
for the universe as a whole. Very massive 
stars that condensed when the galaxies 
formed must have become supernovas 
early, shortly after the big bang. A dat
ing of these first supernovas would be 
approximately equivalent to the age of 
the galaxy and of the universe. Even if 
these stars did not evolve as quickly as is 
assumed, it is clear that the date of the 
oldest supernova provides a lower limit 
to the age of the universe. 

In order to make these calculations it 
is not necessary to know the actual abun
dance of the elements today or at any 
time in the past. One need only know 
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the ratio in which a suitable pair of ele
ments is found today (the "abundance 
ratio") and the ratio in which they were 
found when first formed (the "produc
tion ratio"). 

The abundance ratios are determined 
by careful experimental measure

ment. Terrestrial rocks, although they 
are fundamentally composed of the same 
material as the rest of the solar system, 
usually do not provide suitable samples. 
In the 4.6 billion years since the solar 
system condensed, rocks on the earth 
have formed and re-formed many times. 
Chemical fractionation has altered their 
composition so that they are no longer 
representative of "average" solar-system 
material. Most of the samples are from 
meteorites, which have been undis
turbed during the entire history of the 
solar system; recently lunar material has 
also been used. 

The samples are first chemically pre
pared to isolate the appropriate ele
ments. Because the quantities are typi
cally minuscule, care must be taken to 
avoid contamination. The sample is then 
analyzed with a mass spectrometer, an 
instrument that separates elements and 
isotopes accord in g to the ratio of mass 
to charge [see illustration below]. 

The production ratios must be calcu
lated theoretically. In regions between 
the "magic numbers" of neutrons (2, 8, 
20, 28, 50, 82, 126 and probably 184), 
which yield extraordinarily stable nuclei, 
the r process gives rise to an approxi
mately equal abundance of each atomic 
mass. The fact that the initial abun-

IONIZED 
SAMPLE 

dances are roughly equal can be used to 
advantage in calculating the production 
ratios of the very heavy nuclei, since in 
this region more than one mass number 
contributes to each of the nucleochro
nometers. The multiple contributions are 
a result of alpha decay, in which a nu
cleus emits an alpha particle, or helium 
nucleus, decreasing its mass by four and 
its atomic number by two. Numerous 
heavier elements serve as progenitors, 
decaying to eventually become the nu
cleochronometers. One chronometer de
cays in such a way that it eventually con
tributes to the abundance of another 
chronometer. Because several atomic 
masses contribute to the abundance of 
each of these nucleochronometers the 
effect of variations from the average, 
roughly equal, abundance is reduced 
[see illustration on page 71]. 

The chronometers of interest in this 
mass region are thorium 232, uranium 
235, uranium 238 and plutonium 244. 
Their production rates can be calculated 
simply by adding up the number of their 
progenitors. For example, U-238 has 
progenitors of mass 238, 242 and 246 
and receives 10 percent of the decay 
products of mass 250 (the rest of 250 
spontaneously fissions). The total thus is 
3. 1. Pu-244 has as its progenitors all of 
atomic mass 244, 92 percent of 248, 89 
percent of 252 and 7 percent of 256, for 
a total of 2.9. Th-232 is produced by nu
clei of mass 232, 236 and 240, as well as 
all the progenitors that contribute to 
244, for a total of 5.9. Finally, U-235 has 
these six progenitors: 235,239,243,247, 
25 1 and 255. 

ACCELERATOR 
ELECTRODES 

The production ratios of these ele
ments can now be simply expressed. The 
ratio of Th-232 to U-238 is 5.9 divided 
by 3.1, or 1.9. The Pu-244 to Th-232 
ratio is 2.9 divided by 5.9, or .5. In the 
case of U-235 to U-238 the ratio calcu
lated by this method is 6 divided by 3.1, 
or 1.9; because nuclei with odd mass 
numbers (such as U-235) are more easily 
destroyed by neutron capture, however, 
this ratio is adjusted to 1.5. 

A simple way to see how these ratios 
can be used to determine the age of 

the elements is to assume that all the ele
ments were made in one event. This as
sumption is known to be wrong, but it 
provides an idealized model of the nu
clear dating processes [see illustration on 
next page]. 

For example, with the chronometer 
pair Th-232 and U-238 it can be shown 
by experiment that the abundance ratio 
today is about 4.0. The calculated pro
duction ratio is 1.9; one can determine 
from the half-lives of the substances that 
the period required for such a change in 
ratio is seven billion years. That is the 
age of the hypothetical single event ac
cording to this chronometer pair. 

In practice the calculation would not 
be made in quite this way. Rather than 
working directly with the present abun
dance ratio it is more convenient to de
rive from it the relative abundance at 
the time the solar system condensed 4.6 
billion years ago. In this case the ratio 
then was 2.4 and the time from the sin
gle event to the formation of the solar 
system is 2.4 billion years. By adding the 

DETECTOR 

MASS SPECTROMETER is the instrument with which the abun· 

dance ratios of the nucleochronometers are measured. A pure sam· 

pIe of the element under study is first isolated by chemical separa· 

tion. The sample is then ionized in a vacuum, and the positively 

charged ions (which contain the nuclei) are accelerated by a series 

of electrodes. A magnetic field deflects the beam of ions, so that 

only those of a particular mass reach the detector electrode, where 

their presence is detected and their current amplified by the elec· 

tron multiplier. Ions of greater mass and consequently greater mo· 
mentum will not be deflected enough to reach the detector; those 

of smaller mass will be deflected too much. By varying the strength 

of the magnetic field the abundance of each isotope is measured 

in succession, producing a mass spectrum. The mass spectrom· 

eter thus discriminates between chemically identical substances. 
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age of the solar system one arrives at the 
same age of seven billion years. This pro
cedure becomes important when short
er-lived chronometers are used. 

The one-event hypothesis is obviously 
implausible because it is most unlikely 
that all the supernovas of the past bil
lions of years exploded at a single mo
ment. The hypothesis is demonstrably 
wrong because the several nucleochro
nometer pairs each give a different date 
for the single event. Indeed, those chro
nometers with relatively short half-lives 
would have all but vanished if the only 
production event had occurred billions 
of years before the solar system formed. 
More complicated models are needed. 

More than a decade ago William A. 
Fowler and Fred Hoyle used Th-232, 
U-235 and U-238 to determine the time 
scale of nucleosynthesis. With only those 
chronometers it was not possible to defi
nitely rule out the single-event model. In 
the past few years, however, techniques 
have been devised for the use of two new 
nucleochronometers. They are iodine 
129 and plutonium 244, and their ob
served presence in the solar system can
not be made consistent with a single nu
cleosynthetic event. 

Measurements of the abundance of 
1- 129 and Pu-244 require some subtlety. 
The half-lives of both substances are 
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much less than the age of the solar sys
tem; whatever amount was present at 
that time, therefore, must by now have 
been reduced by radioactive decay to 
virtually zero. (The present abundance 
would not be zero, although it approach
es zero asymptotically and may well be 
unmeasurable. Investigators at the Los 
Alamos Scientific Laboratory and the 
General Electric Company have recently 
detected traces of Pu-244 in nature.) 

Although the plutonium and iodine 
chronometers themselves are not accessi
ble to us, their decay products are. 1- 129 
decays (by beta emission) to the stable 
xenon 129. Thus if a given quantity of 
1- 129 was present in the materials that 
formed a meteorite 4.6 billion years ago, 
an equal quantity of Xe-129 should be 
detected in the meteorite today. Many 
other isotopes of xenon can also be ex
pected. They can be separated by mass 
spectrometry, however, so that the pres
ence long ago of 1- 129 in the meteorite 
would be indicated today by an excess of 
Xe-129. 

John H. Reynolds and his co-workers 
at the University of California at Berke
ley were the first to find this excess of 
Xe-129 and to prove that it is caused by 
the decay of 1- 129. By an ingenious 
method they were able to determine the 
ratio of 1- 129 to the stable isotope 1- 127 

o 1""<---- 2.4 )k 4.6-------->>11 
TIME (BILLIONS OF YEARS) --7 NOW 

SINGLE-EVENT MODEL of nucleosynthesis is based on the decay of thorium 232 (colored 

line) and uranium 238 (black line). These nuclei are assumed to have been formed in a 

ratio of 1.9 : I; their present abundance ratio is 4 : 1. From their known rates of decay it 

can be calculated that a single event seven billion years ago would have produced these 

ratios_ When the solar system formed (broken line), the abundance ratio was 2.4 : 1. This 

model is known to be wrong, but it is an idealized demonstration of nuclear-dating methods. 
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at the time the meteorite was fOlmed, 
that is, when it first became cool enough 
to retain xenon gas. To obtain this ratio 
Reynolds irradiated the sample with 
neutrons, so that 1- 127 nuclei would cap
ture a neutron and be converted to 
1-128, which decays in 25 minutes to 
Xe- 128. Therefore the abundance of 
1- 127 would be related to the excess of 
Xe-128. He then extracted the xenon by 
heating the sample in stages, observing 
the mass spectrum at each stage. At 
many temperatures only xenon of ordi
nary origin was driven out. The excess 
Xe-128 and Xe-129, when they did ap
pear, were driven out at the same time, 
showing that the original deposits of the 
two isotopes of iodine were in the same 
place. It was therefore possible to ex
clude ordinary xenon from the decay 
products of iodine. From the ratio of the 
excess Xe-128 to Xe- 129 Reynolds was 
then able to infer the ratio of the iodine 
isotopes at the formation of the solar 
system. 

The identification of Pu-244 as a chro-
nometer also involved xenon isotopes. 

Pu-244 decays by alpha emission with 
a half-life of 82 million years. One in 
every 1,000 nuclei, however, instead of 
following this decay path spontaneously 
fissions. Among its fission products is 
xenon, but only the four heavy isotopes 
Xe-131, Xe-132, Xe- 134 and Xe-136. 
These isotopes are also produced by the 
fission of other nuclei, but in proportions 
that are characteristic of each fissionable 
substance. It is therefore possible by ex
amining the mass spectrum of the xenon 
isotopes to identify the fissioning nu
cleus. 

Anomalous isotopic spectra of xenon, 
suggesting an unknown fission compo
nent, were discovered in meteorites by 
P. K. Kuroda of the University of Arkan
sas. Gerald J. Wasserburg and his co
workers at the California Institute of 
Technology found in 1969 that the ex
cess heavy xenon was correlated with 
fossil fission tracks in meteorites. These 
tracks represent damage done to the 
crystal structure by the recoiling frag
ments of the nucleus. At that time the 
xenon isotope spectrum for Pu-244 fis
sion was unknown, but this nucleus nev
ertheless became the only reasonable 
candidate. Several workers, including 
myself, began to investigate its possible 
chronometric applications. The issue was 
not settled until 197 1, 10 years after 
Kuroda's discovery, when Reynolds' 
group was able to examine the isotopic 
spectrum of xenon produced by the fis
sion of a known sample of Pu-244. 

From the observation of Pu-244 fis-
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LAST SUPER NOVAS CONTRIBUTING 
TO THE SOLAR SYSTEM 

FORMATION OF THE 
SOLAR SYSTEM 

AVERAGE RATE 
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TIME� NOW 

HYPOTHETICAL MODELS OF NUCLEOSYNTHESIS postulate 

three possible distributions of supernovas during the early history 

of the universe. All three models assume the same "average age" of 

the elements but incorporate different "average rates" at which 

the elements were formed. If the number of supernovas has been 

nearly constant or if the fluctuations have been symmetrical (top 

curve), then the average age is approximately equal to half the 

total age of the nucleosynthetic process. If the number of super· 

novas was particularly high in an early period, however (middle 

curve), then the universe is younger than a constant·rate model 

would suggest. A low early rate (bottom curve) yields a somewhat 

greater overall age. This last model is inconsistent with observation. 

sion products in a meteorite to the formu
lation of an abundance ratio for Pu-244 
and Th-232 is a step fraught with uncer
tainties. The abundance value is to be 
representative of the entire solar system, 
yet possible chemical fractionation of 
the materials in the meteorite could sub
stantially alter it. The value assigned is 
.0062, but it should be considered only a 
best estimate, not a definitive determina
tion. 

In the case of 1- 129 special measures 
must also be taken in estimating the pro
duction ratio. Iodine 129 (53 protons, 76 
neutrons) is near the neutron magic 
number 82, and as a consequence the 
distribution of isotopes produced by neu
tron capture is far from uniform. It is 
necessary to determine the production 

rate by interpolating from the known 
production rates of stable isotopes in the 
immediate vicinity, such as tellurium 
128 and 130. 

This procedure is generally required 
to determine the production rates of all 
the lighter radioactive nuclei. One im
portant exception is a chronology de
veloped for the pair rhenium 187 and 
osmium 187, the longest-lived of the nu
cleochronometers, by Donald D. Clayton 
of Rice University. For these elements it 
has been shown that the production ratio 
is related to the ratio of the neutron-cap
ture cross sections of the nuclei. The 
cross section is a measure of the readi
ness of the nucleus to absorb a neutron. 
Unfortunately the cross sections have not 
yet been experimentally measured, and 

the theoretical estimates being used pro
visionally introduce large uncertainties 
into the chronologies derived from this 
pair. 

U sing these several nucleochronome
ters, one can take a more sophisticated 
approach than the one-event model to 
discovering the age of the universe. 
When many events are assumed, an age 
can be assigned by determining when 
the sum of the remaining radioactive 
products from each supernova satisfies 
the observed abundance at the time the 
solar system formed. It can be assumed 
that the products of each supernova 
mixed in the interstellar gas as the galaxy 
rotated and that the solar system con
densed from this gas. We do not know, 
however, how many supernovas ex-
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ploded at different times throughout the 
history of the galaxy; an estimate can be 
supplied only by observations of other 
galaxies. Variations in the rate at which 
supernovas explode would obviously 
have an effect on the age indicated by 
the nucleochronometers. If, for example, 
there were an unusually large number of 
supernovas shortly before the solar sys
tem formed, then such long-lived chro
nometers as U-238 would indicate too 
young an age for the universe; the ob
served abundance would be not a result 
of the rate of decay but an artifact of the 
rate of production. 

O ne approach to this problem is to de
vise a model for the relative number 

of supernovas over the history of the gal
axy. The one-event model is one possi
bility, but there are many other candi
dates. The model is then tested to see if 
it can produce the observed abundance 
ratios of all the chronometer pairs. 

Wasserburg and I have developed 
an approach to nucleocosmochronology 
that is independent of models. By using 
the various time scales of the different 
chronometers to determine the relative 
number of supernovas in each period, 
the valid models are derived fram the 
chronometers themselves. For example, 
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any valid model must include some nu
cleosynthesis within a few hundred mil
lion years of the formation of the solar 
system or it could not explain the pres
ence of 1- 129 and Pu-244 decay prod
ucts. This condition alone precludes a 
single-event model in which the ele
ments were formed seven billion years 
ago. 

By deriving the model from the data 
we can estimate not only the time scale 
of the universe but also the rate of super
novas in the galaxy. (Actually we do not 
specify supernovas per se but merely the 
rate of the r process. As we have seen, 
however, it is believed the r process oc
curs only in supernovas.) 

Since there have probably been almost 
a billion supernovas in the galaxy, it is 
easier to use statistical techniques than 
to sum the effects of each event. Any dis
tribution of supernovas has an average 
rate and an average age. There is also a 
time after which supernovas could no 
longer contribute material to the solar 
system. Finally, the oldest nuclei must 
be older than the average age of the 
elements. 

From the data provided by the nucleo
chronometers it is possible to find the 
average age and also to find how the 
supernova rate at certain times compares 

with the average rate of supernovas. 
These calculations are made possible by 
the differences in the lifetimes of the 
chronometers. A nucleus with any given 
half-life must have been formed no ear
lier than a few of its own half-lives be
fore the solar system condensed or it 
would not have been present in measur
able quantities in the solar-system ma
terials. Thus the abundance of the nu
cleus yields the mean supernova rate 
averaged over a few half-lives of that 
nucleus. The average age of the events 
producing a particular chronometer pair 
can be shown to be the same as the age 
of a hypothetical single event producing 
that pair. 

The very long-lived chronometers, 
such as Re-187, Th-232 and possibly 
U-238, persist as long as or longer than 
the entire duration of nucleosynthesis. 
The average rate of supernovas contrib
uting to these nuclei is therefore the av
erage supernova rate for the galaxy 
throughout its history. Moreover, the av
erage, or single-event, age for these nu
clei is the average age of the elements. 
Obviously the ages given by the Th-232 
and U -238 pair and those given by 
Re- 187 and Os- 187 should be the same. 
The best estimate for the thorium-urani
um pair is 2.4 plus 4.6, or seven, billion 
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PROBABLE DISTRIBUTION OF SUPERNOVAS is constructed 

by comparing the information provided by the long.lived and short

lived nucleochronometers. The overall average rate is that given by 

Th.232/U-238 and Re-187/0s-187 (vertical hatching). Because this 

rate is higher than that indicated by the shorter.lived U.235/U-238 

(horizontal hatching) it is deduced that the supernova rate must 

have been high during the early history of the universe and sub

sequently declined. High rates given by the very short·lived iodine 

and plutonium chronometers (diagonal hatching) suggest another 

peak in the number of supernovas just before the solar system 

formed. The resulting curve yields an age for the universe of about 

10 billion years. Because of uncertainties in calculations, however, 

the possibility that the rate of supernovas has been constant cannot 

be excluded from consideration. A constant rate gives an age of 

about 11 billion years. The diagram is not drawn to scale; the 

fluctuations in the number of supernovas are greatly exaggerated. 
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years, whereas the rhenium-osmium age 
is 3.5 plus 4.6, or 8.1, billion years. Con
sidering the uncertainties in these calcu
lations, however, the inconsistency is not 
great. 

Variations in the supernova rate can 
be revealed by the rates given by the 
shorter-lived chronometers with respect 
to those of the long-lived, or stable, nu
clei. The shortest-lived chronometers 
convey information about the period just 
before the solar system formed; by com
paring this rate to that given by the long
est-lived elements we can find out if the 
rate of nucleosynthesis was higher or 
lower than average when the solar sys
tem condensed. Because there are two 
short-lived chronometers (1-129 and Pu-
244) we can determine not only the rela
tive rate at this time but also the time be
tween the last nucleosynthetic event and 
the formation of the objects in the solar 
system. This interval has been found to 
be between 100 and 200 million years. 

It is a curious fact that this period is 
comparable to the rotation time of the 
galaxy. The coincidence has been noted 
not only by me but also by H. Reeves 
of Paris and A. C. W. Cameron of Har
vard University, who independently sug
gested that the nucleochronometers may 
be indirectly measuring the rotation of 
the galaxy. In the density-wave theory 
of spiral galaxies stars are thought more 
likely to form in any given region when 
the density is high; the period of varia
tion of density would be determined by 
galactic rotation and would be about 100 
million years. 

Another possible explanation of this 
interval is that it represents the time it 
took the solar system to form after a final 
supernova triggered the beginning of its 
condensation. This theory meets with ob
jections, however: all objects in the solar 
system are known to have solidified with
in a few million years of one another. 
Why would they solidify so "suddenly" 
100 million years after the event that 
initiated their formation? It is also 
thought that the time required for a star 
such as the sun to form is on the order 
of 10 million rather than 100 million 
years. The galactic-rotation theory 
therefore seems more nearly satisfactory. 

By combining the results obtained 
from the various chronometers one 

can reconstruct the probable rates of su
pernova production over the entire dura
tion of nucleosynthesis [see illustration 
on opposite pagel. The best values avail
able today for the abundance and pro
duction ratios imply that the number of 
supernovas was above average in the 
early universe and that there may have 
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NUCLEOCHRONOMETERS 

20 15 10 NOW 
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AGES OF THE UNIVERSE given by three dating methods are in fairly good agreement. 

The value given by measurements of the recession of galaxies is the accepted estimate, but 

it could range from five to 20 billion years. If only ages consistent with all three methods 

are accepted (colored band), the universe must be between 10 and 15 billion years old. 

been a smaller peak in the supernova 
rate shortly before the solar system was 
formed. The uncertainties are large 
enough, however, for a uniform rate of 
nucleosynthesis to satisfy the require
ments of the data. 

The second, later peak is very sensi
tive to the abundance of Pu-244. Un
fortunately the value for this abundance 
is still quite uncertain. 

The earlier peak is dependent on the 
production of U-235 with respect to the 
longer-lived nuclei. If the average rate 
of production of U-235 is low, then in 
an earlier period the supernova rate 
must have peaked strongly if the U-235 
data are to agree with the overall aver
age rate of nucleosynthesis as deter
mined by the longer-lived chronometers. 
Although the magnitude of this peak is 
by no means certain, it is probable that 
the early supernova rate was greater 
than, or at least equal to, the average 
rate. A high early rate of supernovas 
suggests that the galaxy may have been 
brighter in the past. Perhaps there were 
so many exploding massive stars in the 
galactic nucleus that the galaxy was a 
quasar. 

The calculated age of the universe as 
a whole is given by the longest-lived nu
clei. The uncertainties of the data for 
these chronometers indicate that the age 
of the elements must be between seven 
and 15 billion years; the best estimate is 
approximately 10 billion years. Thus the 
nucleochronologies yield an age that is 
quite consistent with the ages calculated 
from the expansion of the universe and 
from the stellar populations of the glob
ular clusters. 

It should be possible in the future to 
diminish the uncertainty of these calcu
lations conSiderably. A large improve
ment could be achieved by experimen
tally measuring the neutron-capture 
cross sections that would allow a better 
estimate of the production ratio of 
Re-187 and Os-187. Better determina-

tions of the relative abundances of Pu-
244, Th-232 and U-238 would also in
crease accuracy, as would improved cal
culations of r-process production. 

In addition techniques for using other 
nucleochronometers may be developed. 
Two promising nuclei are samarium 146 
(half-life 100 million years) and lead 205 
(half-life 15 million years). These nuclei 
are not produced in the r process and 
they might therefore enable us to see if 
all nucleosynthetic processes yield simi
lar chronologies. 

It was once thought that aluminum 
26, with a half-life of 740,000 years, 
could be used as a chronometer. Analy
sis of meteorites and moon rocks by me 
and my co-workers at the California In
stitute of Technology have shown, how
ever, that no significant amounts of alu
minum 26 were present when these ob
jects formed. This result might be ex
pected since the half-life is much less 
than the 100-million-year interval indi
cated by the 1- 129 and Pu-244 chronol
ogies. 

These nucleochronologies, coupled 
with the observed abundances of heavy 
elements in the stars and theories of star 
formation, have been used by various 
investigators in proposing detailed theo
ries of the entire history of the galaxy. 
Further work on the correlation of nu
cleochronology with other astronomical 
information should yield important re
sults in the near future. 

It is impressive that three such dif
ferent techniques as the observation of 
the recession of the galaxies, the mea
surement of globular-cluster ages and 
the calculation of nucleochronologies 
should yield consistent ages for the uni
verse. If we accept only ages that agree 
with all three methods, then the uni
verse is from 10 to 15 billion years old. 
To be able to measure any astronomical 
number, particularly such an important 
one, to an accuracy of 33 percent is 
deeply satisfying. 
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The Perception of Disoriented Figures 

Many falniliar things do not look the same when their orientation 
is changed. The reason appears to be that the perception of form 

elnbodies the automatic assignment of a top, a bottoln and sides 

M
any common experiences of ev

eryday life that we take for 
granted present challenging 

scientific problems. In the field of visual 
perception one such problem is why 
things look different when they are up
side down or tilted. Consider the in
verted photograph on the opposite page. 
Although the face is familiar to most 
Americans, it is difficult to recognize 
when it is inverted. Even when one suc
ceeds in identifying the face, it coritinues 
to look strange and the specific facial ex
pression is hard to make out. 

Consider also what happens when 
printed words and words written in long
hand are turned upside down. With ef
fort the printed words can be read, but 
it is all but impossible to read the long
hand words [see top illustration on page 
80]. Try it with a sample of your own 
handwriting. One obvious explanation of 
why it is hard to read inverted words is 
that we have acquired the habit of mov
ing our eyes from left to right, and that 
when we look at inverted words our 
eyes tend to move in the wrong direc
tion. This may be one source of the dif
ficulty, but it can hardly be the major 
one. It is just as hard to read even a sin
gle inverted word when we look at it 
without moving our eyes at all. It is 
probable that the same factor interfer
ing with the recognition of disoriented 
faces and other figures is also interfering 
with word recognition. 

The partial rotation of even a simple 
figure can also prevent its recognition, 
provided that the observer is unaware of 
the rotation. A familiar figure viewed in 
a novel orientation no longer appears to 
have the same shape [see bottom illus
tration on page 80]. As Erflst Mach 
pointed out late in the 19th century, the 
appearance of a square is quite different 
when it is rotated 45 degrees. In fact, 
we call it a diamond. 
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Some may protest that a familiar 
shape looks different in a novel orienta
tion for the simple reason that we rarely 
see it that way. But even a figure we 
have not seen before will look different 
in different orientations [see top illustra
tion on page 81]. The fact is that orienta
tion affects perceived shape, and that the 
failure to recognize a familiar figure 
when it is in a novel orientation is based 
on the change in its perceived shape. 

On the other hand, a figure can be 
changed in various ways without any ef
fect on its perceived shape. For exam
ple, a triangle can be altered in size, 
color and various other ways without 
any change in its perceived shape [see 
middle illustration on page 81]. Psy
chologists, drawing an analogy with a 
similar phenomenon in music, call such 
changes transpositions. A melody can 
be transposed to a new key, and al
though all the notes then are different, 
there is no change in the melody. In fact, 
we generally remain unaware of the 
transposition. Clearly the melody derives 
from the relation of the notes to one an
other, which is not altered when the 
melody is transposed. In much the same 
way a visual form is based primarily on 
how parts of a figure are related to one 
another geometrically. For example, one 
could describe a square as being a four
sided figure having parallel opposite 
sides, four right angles and four sides of 
equal length. These features remain un
changed when a square is transposed in 
size or position; that is why it continues 
to look like a square. We owe a debt to 
the Gestalt psychologists for emphasiz
ing the importance in perception of re
lations rather than absolute features. 

Since a transposition based on rota
tion also does not alter the internal geo
metric relations of a figure, then why 
does it look different in an altered orien
tation? At this point we should consider 

the meaning of the term orientation. 
What changes are introduced by alter
ing orientation? One obvious change is 
that rotating a figure would result in a 
change in the orientation of its image on 
the retina of the eye. Perhaps, there
fore, we should ask why different retinal 
orientations of the same figure should 
give rise to different perceived shapes. 
That might lead us into speculations 
about how the brain processes informa
tion about form, and why differently 
oriented projections of a retinal image 
should lead to different percepts of form. 

Before we go further in this direction 
we should consider another meaning 

of the term orientation. The inverted and 
rotated figures in the illustrations for this 
article are in different orientations with 
respect to the vertical and horizontal di
rections in their environment. That part 
of the figure which is normally pointed 
upward in relation to gravity, to the sky 
or to the ceiling is now pointed down
ward or sideways on the page. Perhaps 
it is this kind of orientation that is re
sponsible for altered perception of shape 
when a figure is disoriented. 

It is not difficult to separate the reti
nal and the environmental factors in an 
experiment. Cut out a paper square and 
tape it to the wall so that the bottom of 
the square is parallel to the floor. Com
pare the appearance of the square first 
with your head upright and then with 
your head tilted 45 degrees. You will see 
that the square continues to look like a 
square when your head is tilted. Yet 
when your head is tilted 45 degrees, the 
retinal image of the square is the same 
as the image of a diamond when the 
diamond is viewed with the head up
right. Thus it is not the retinal image 
that is responsible for the altered ap
pearance of a square when the square is 
rotated 45 degrees. The converse experi-
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ment points to the same conclusion. Ro
tate the square on the wall so that it be
comes a diamond. The diamond viewed 
with your head tilted 45 degrees pro
duces a retinal image of a square, but 
the diamond still looks like a diamond. 
Needless to say, in these simple demon
strations one continues to perceive cor
rectly where the top, bottom and sides 
of the figures are even when one's pos
ture changes. It is therefore the change 
of a figure's perceived orientation in the 
environment that affects its apparent 
shape and not the change of orientation 
of its retinal ima ge. 

These conclusions have been substan
tiated in experiments Walter I. Heimer 
and I and other colleagues have con
ducted with numerous subjects. In one 
series of experiments the subjects were 
shown unfamiliar figures. In the first 
part of the experiment a subject sat at a 
table and simply looked at several fig
ures shown briefly in succession. Then 
some of the subjects were asked to tilt 
their head 90 degrees by turning it to the 
side and resting it on the table. In this 
position the subject viewed a series of 
figures. Most of the figures were new, but 
among them were some figures the sub
ject had seen earlier. These figures were 
shown in either of two orientations: up
right with respect to the room (as they 
had been in the first viewing) or rotated 
90 degrees so that the "top" of the figure 
corresponded to the top of the subject's 
tilted head. The subject was asked to 
say whether or not he had seen each fig
ure in the first session. He did not know 
that the orientation of the figures seen 
previously might be different. Other 
subjects viewed the test figures while 
sitting upright. 

When we compared the scores of sub
jects who tilted their head with subjects 
who sat upright for the test, the results 
were clear. Tilted-head subjects recog
nized the environmentally upright (but 
retinally tilted) figures about as well as 
the upright observers did. They also 
failed to recognize the environmentally 
tilted (but retinally upright) figures 
about as often as the upright subjects 
did. In other words, the experiments 
confirmed that it is rotation with respect 
to the up-down and left-right coordi
nates in the environment that produces 
the change in the perceived shape of the 
figure. It is not rotation of the retinal 
image that produces the change, since 
altering the image's orientation does not 
adversely affect recognition and pre
serving it does not improve recognition. 

In another experiment subjects viewed 
an ambiguous or reversible figure that 
could be perceived in one of two ways 

depending on its orientation. For exam
ple, when one figure that looked like a 
map of the U.S. was rotated 90 degrees, 
it looked like the profile of a bearded 
man. Subjects were asked to rest their 
head on the table when viewing the am
biguous figures. The question we asked 
ourselves was: Which "upright" would 
dominate, the retinal upright or the en
vironmental upright? The results were 
decisive. About 80 percent of the sub
jects reported seeing only the aspect of 
the ambiguous figure that was environ
mentally upright, even though the al
ternative was upright on their retina 
[see bottom illustration on page 82]. 

Why does the orientation of a figure 
with respect to the directional co

ordinates of the environment have such 
a profound effect on the perceived shape 
of the figure? The answer I propose is 
that perceived shape is based on a cog
nitive process in which the characteris
tics of the figure are implicitly described 

by the perceptual system. For example, 

. 
the colored figure at the left in the top 
illustration on page 81 could be de
scribed as a closed figure resting on a 
horizontal base with a protrusion on the 
figure's left side and an indentation on 
its right side. The colored figure to the 
right of it, although it is identical and 
only rotated 90 degrees, would be de
scribed quite differently, as being sym
metrical with two bumps on the bottom 
and with left and right sides more or less 
straight and identical with each other. I 
am not suggesting that such a descrip
tion is conscious or verbal; obviously we 
would be aware of the descriptive proc
ess if it were either. Furthermore, ani
mals and infants who are nonverbal per
ceive shape much as we do. I am propos
ing that a process analogous to such a 
description does take place and that it is 
not only based on the internal geometry 
of a figure but also takes into account 
the location of the figure's top, bottom 
and sides. In such a description orienta-

INVERTED PHOTOGRAPH of a famous American demonstrates how difficult it is to 

recognize a familiar face when it is presented upside down. Even after one succeeds in 

identifying the inverted face as that of Franklin D. Roosevelt, it continues to look strange. 
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INVERTED WORDS are difficult to read when they are set in type, and words written in 

longhand are virtually impossihle to decipher. The difficulty applies to one's own inverted 

handwriting in spite of a lifetime of experience reading it in the normal upright orientation. 

tion is therefore a major factor in the 
shape that is finally perceived. 

From experiments I have done in col
laboration with Phyllis Olshansky it ap
pears that certain shifts in orientation 
have a marked effect on perceived shape. 
In particular, creating symmetry around 
a vertical axis where no symmetry had 

existed before (or vice versa), shifting 
the long axis from vertical to horizontal 
(or vice versa) and changing the bottom 
of a figure from a broad horizontal base 
to a pointed angle (or vice versa) seemed 
to have a strong effect on perceived 
shape. Such changes of shape can result 
from only a moderate angular change of 

SQUARE AND DIAMOND are two familiar shapes. The two figures shown here are identi. 

cal; their appearance is so different, however, that we call one a square and the other a 

diamond. With the diamond the angles do not spontaneously appear as right angles. 

"UNFAMILIAR" SHAPE shown here becomes a familiar shape when it is rotated clockwise 

90 degrees. In a classroom experiment, when the rotated figure was drawn on the black. 

board, it was not recognized as an outline of the continent of Africa until the teacher told 

the class at the end of the lecture that the figure was rotated out of its customary orientation. 
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orientation, say 45 or 90 degrees. Inter
estingly enough, inversions or rotations 
of 180 degrees often have only a slight 
effect on perceived shape, perhaps be
cause such changes will usually not alter 
perceived symmetry or the perceived 
orientation of the long axis of the figure. 

There is one kind of orientation 
change that has virtually no effect on 
perceived shape: a mirror-image rever
sal. This is particularly true for the novel 
figures we used in our experiments. How 
can this be explained? It seems that al
though the "sides" of visual space are 
essentially interchangeable, the up-and
down directions in the environment are 
not. "Up" and "down" are distinctly dif
ferent directions in the world we live in. 
Thus a figure can be said to have three 
main perceptual boundaries: top, bot
tom and sides. As a result the description 
of a figure will not be much affected by 
whether a certain feature is on the left 
side or the right. Young children and 
animals have great difficulty learning to 
discriminate between a figure and its 
mirror image, but they can easily dis
tinguish between a figure and its invert
ed counterpart. 

Related to this analysis is a fact ob
served by Mach and tested by Erich 
Goldmeier: A figure that is symmetrical 
around one axis will generally appear to 
be symmetrical only if that axis is verti
cal. Robin Leaman and I have demon
strated that it is the perceived vertical 
axis of the figure and not the vertical axis 
of the figure's retinal image that pro
duces this effect. An observer who tilts 
his head will continue to perceive a fig
ure as being symmetrical if that figure is 
symmetrical around an environmental 
vertical axis. This suggests that per
ceived symmetry results only when the 
two equivalent halves of a figure are lo
cated on the two equivalent sides of per
ceptual space. 

If, as I have suggested, the descripc 
tion of a figure is based on the location 
of its top, bottom and sides, the question 
arises: How are these directions assigned 
in a figure? One might suppose that the 
top of a figure.is ordinarily the area up
permost in relation to the ceiling, the 
sky or the top of a page. In a dark room 
an observer may have to rely on his 
sense of gravity to inform him which 
way is up. 

Numerous experiments by psycholo
gists have confirmed that there are in
deed two major sources of information 
for perceiving the vertical and the hori
zontal: gravity (as it is sensed by the 
vestibular apparatus in the inner ear, 
by the pressure of the ground on the 
body and by feedback from the muscles) 
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and information from the scene itself. 
We have been able to demonstrate that 
either can affect the perceived shape of a 
figure. A luminous figure in a dark room 
will not be recognized readily when it is 
rotated to a new orientation even if the 
observer is tilted by exactly the same 
amount. Here the only source of infor
mation about directions in space is gravi
ty. In a lighted room an observer will 
often fail to recognize a figure when 
he and the figure are upright but the 
room is tilted. The tilted room creates a 
strong impression of where the up-down 
axis should be, and this leads to an in
correct attribution of the top and bottom 
of the figure [see "The Perception of the 
Upright," by Herman A. Witkin; SCIEN
TIFIC AMERICAN, February, 1959]. 

Merely informing an observer that a 
figure is tilted will often enable him to 
perceive the figure correctly. This may 
explain why some readers will not per
ceive certain of the rotated figures 
shown here as being strange or different. 
The converse situation, misinforming an 
observer about the figures, produces im
pressive results. If a subject is told that 
the top of a figure he is about to see is 
somewhere other than in the region up
permost in the environment, he is likely 
not to recognize the figure when it is 
presented with the orientation in which 
he first saw it. The figure is not disori
ented and the observer incorrectly as
signs the directions top, bottom and sides 
on the basis of instructions. 

Since such knowledge about orienta
tion will enable the observer to shift the 
directions he assigns to a figure, and 
since it is this assignment that affects the 
perception of shape, it is absolutely es
sential to employ naive subjects in per
ception experiments involving orienta
tion. That is, the subject must not realize 
that the experiment is concerned with 
figural orientation, so that he does not 
examine the figures with the intent of 
finding the regions that had been top, 
bottom and sides in previous viewings 
of it. There are, however, some figures 
that seem to have intrinsic orientation in 
that regardless of how they are present
ed a certain region will be perceived as 
the top [see top illustration on next 
page]. It is therefore difficult or impos
sible to adversely affect the recognition 
of such figures by disorienting them. 

I n the absence of other clues a subject 
will assign top-bottom coordinates ac

cording to his subjective or egocentric 
reference system. Consider a figure 
drawn on a circular sheet of paper that 
is lying on the ground. Neither gravity 
nor visual clues indicate where the top 

NOVEL OR UNFAMILIAR FIGURES look different in different orientations, provided 

that we view them naIvely and do not mentally rotate them. The reason may be the way in 

which a figure is "described" by the perceptual system. The colored figure at left could 

be described as a closed shape resting on a horizontal base with a protrusion on its left 

side and an indentation on its right side. The colored figure adjacent to it, although iden

tical, would be described as a symmetrical shape resting on a curved base with a protrusion 

at the top. The first black figure could be described as a quadrilateral resting on a side. 

The black figure at right would be described as a diamondlike shape standing on end. 
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ALTERATION IN SIZE, color or type of contour does not change the perceived shape of 

a triangle. Even varying the location of the triangle's retinal image (by looking out of the 

corner of your eyes or fixating on different points) does not change perceived shape. 

ROTATION OF RETINAL IMAGE by tilting the head 90 degrees does not appreciably 

affect recognition of a novel figure (color). Subjects first viewed several novel targets 

while silling upright. Then they were shown a series of test figures (black) and were asked 

to identify those they had seen before. Some subjects tilted their head 90 degrees; others 

viewed the test figures with their head upright. Tilted-head subjects failed to recognize 

figures that were retinally "upright" (for example figure at bollom left) about as much as 

upright viewers did (to whom such figures were not retinally upright). Tilted·head subjects 

recognized environmentally upright figures (bottom right) as often as upright viewers did. 
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FIGURES WITH INTRINSIC ORIENTATION appear to have a natural vertical axis 

regardless of their physical orientation. A region at one end of the axis is perceived as top. 

IMPRESSION OF SYMMETRY is spontaneous only when a figure is symmetrical around 

a vertical axis. Subjects were asked to indicate which of two figures (middle and right) 

was most like the target figure (left). The figure at right was selected most frequently, pre· 

sumably because it is symmetrical around its vertical axis. If the page is tilted 90 degrees, 

the figure in the middle will now be selected as being more similar to the target figure. 

Now if the page is held vertically and the figure, are viewed with the head tilted 90 degrees, 

the figure at right is likely to be seen as being the most similar. This suggests that it is 

not the symmetry around the egocentric vertical axis on the retina but rather the sym· 

metry around the environmental axis of the figure that determines perceived symmetry. 

AMBIGUOUS FIGURES can be perceived in different ways depending on the orientation 

assigned to them. Figure at left can look like the profile of a man's head with a chef's hat 

(top left) or, when rotated 90 degrees, like a dog (bottom left). Figure at right can look 

like the profile of a bearded man's head (top right) or like a map of the U.S. (bottom right). 

When subjects with their head tilted 90 degrees to one side viewed these ambiguous figures 

(direction of su.b ject' s head is shown by arrow), they preferentially recognized the figure 

that was upright in the environment instead of the figure that was upright on the retina. 

82 

and bottom are. Nevertheless, an ob
server will assign a top to that region of 
the figure which is uppermost with re
spect to his egocentric coordinate ref
erence system. The vertical axis of the 
figure is seen as being aligned with the 
long axis of the observer's head and 
body. The upward direction corresponds 
to the position of his head. We have 
been able to demonstrate that such as
signment of direction has the same ef
fect on the recognition that other bases 
of assigning direction do. A figure first 
seen in one orientation on the circular 
sheet will generally not be recognized 
if its egocentric orientation is altered. 

Now we come to an observation that 
seems to be at variance with much of 
what I have described. When a person 
lies on his side in bed to read, he does 
not hold the book upright (in the en
vironmental sense) but tilts it. If the 
book is not tilted, the retinal image is 
disoriented and reading is quite difficult. 
Similarly, if a reader views printed mat
ter or photographs of faces that are en
vironmentally upright with his head be
tween his legs, they will be just as diffi
cult to recognize as they are when they 
are upside down and the viewer's head 
is upright. The upright pictures, how
ever, are still perceived as being upright 
even when the viewer's head is inverted. 
Conversely, if the pictures are upside 
down in the environment and are viewed 
with the head inverted between the legs, 
there is no difficulty in recognizing them. 
Yet the observer perceives the pictures 
as being inverted. Therefore in these 
cases it is the orientation of the retinal 
image and not the environmental assign
ment of direction that seems to be re
sponsible for recognition or failure of 
recognition. 

Experiments with ambiguous figures 
conducted by Robert Thouless, G. 

Kanizsa and G. Tampieri support the 
notion that retinal orientation plays a 
role in recognition of a figure [see illus
tration on page 85]. Moreover, as 
George Steinfeld and I have demon
strated, the recognition of upright words 
and faces falls off in direct proportion to 
the degree of body tilt [see illustration 
on opposite page]. With such visual ma
terial recognition is an inverse function 
of the degree of disorientation of the ret
inal image. As we have seen, the relation 
between degree of disorientation and 
recognizability does not hold in cases 
where the assignment of direction has 
been altered. In such cases the greatest 
effect is not with a lBO-degree change 
but with a 45- or gO-degree change. 

The results of all these experiments 
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have led me to conclude that there are 
two distinct factors involved in the per
ception of disoriented figures: an as
signment-of-direction factor and a reti
nal factor. I believe that when we view 
a figure with our head tilted, we auto
matically compensate for the tilt in 
much the same way that we compensate 
for the size of distant objects. An ob
ject at a moderate distance from us does 
not appear small in spite of the fact that 
its retinal image is much smaller than it 
is when the object is close by. This effect 
usually is explained by saying that the 
information supplied by the retinal im
age is somehow corrected by allowing 
for the distance of the object from us. 
Similarly, when a vertical luminous line 
in a dark room is viewed by a tilted ob
server, it will still look vertical or almost 
vertical in spite of the fact that the reti
nal image in the observer's eye is tilted. 
Thus the tilt of the body must be taken 
into account by the perceptual system. 
The tilted retinal image is then cor
rected, with the result that the line is 
perceived as being vertical. Just as the 
correction for size at a distance is called 
size constancy, so can correction for the 
vertical be called orientation constancy. 

When we view an upright figure with 
our head tilted, before we have made 
any correction, we begin with the infor
mation provided by an image of the fig
ure in a particular retinal orientation. 
The first thing that must happen is that 
the perceptual system processes the reti
nal image on the basis of an egocentri
cally assigned top, bottom and sides, 
perhaps because of a primitive sense of 
orientation derived from retinal orienta
tion. For example, when we view an up
right square with our head tilted, which 
yields a diamondlike retinal image, we 
may perceive a diamond for a fleeting 
moment before the correction goes into 
operation. Head orientation is then auto
matically taken into account to correct 
the perception. Thus the true top of the 
figure is seen to be one of the sides of 
the square rather than a corner. The fig
ure is then "described" correctly as one 
whose sides are horizontal and vertical 
in the environment, in short as a 
"square." This correction is made quick
ly and usually without effort. In order to 
describe a figure the viewer probably 
must visualize or imagine it in terms of 
its true top, bottom and sides rather 
than in terms of its retinal top, bottom 
and sides. 

If the figure is relatively simple, the 
correction is not too difficult to achieve. 
If we view an upright letter with our 
head tilted, we recognize it easily; it is 
of interest, however, that there is still 

something strange about it. I believe the 
dual aspect of the perception of orienta
tion is responsible for this strangeness. 
There is an uncorrected perception of 
the letter based on its retinal-egocentric 
orientation and a corrected perception 
of it based on its environmental orienta
tion. The first perception produces an 
unfamiliar shape, which accounts for 

the strange appearance of the letter in 
spite of its subsequent recognition. In 
our experiments many of the figures we 
employed were structurally speaking 
equivalent to letters, and in some cases 
we actually used letters from unfamiliar 
alphabets. 

With a more complex figure, such as 
an inverted word or an upright word 
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RECOGNITION OF CERTAIN KINDS OF VISUAL MATERIAL decreases almost in di· 

rect proportion to the degree of head tilt of the observer. In a series of experiments the 

number of correct recognitions of faces (colored bars), written words (gray) and frag. 

mented figures (black) were recorded for various degrees of head tilt. Subject saw several 

examples of each type of test material in each of the head positions. For this visual material 

recognition is an inverse function of the degree of disorientation of the retinal image. 
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SINGLE LETTER that is tilted can be easily identified once it is realized how it is ori· 

ented. A strangeness in its appearance, however, remains because the percept arising from 

the uncorrected retinal image continues to exist simultaneously with the corrected percept. 

INVERTED LONGHAND WRITING is difficult to decipher because many inverted units 

resemble written upright letters. For example, an inverted u will look like an n and an 

inverted c like an s. Moreover, the connection between letters leads to uncertainty about 

where a letter begins and ends. Several inverted units can be grouped together and mis· 

perceived as an upright letter. Separating the inverted letters makes them easier to decipher. 

INVERTED FACIAL FEATURES are difficult to interpret because while attention is 

focused on correcting one feature other features remain uncorrected. For example, one 

might succeed in correcting the eyes shown here so that they are perceived as gazing down. 

ward and leftward, but at that very moment the mouth is uncorrected and expresses sorrow 

rather than pleasure. Conversely, one might correct the mouth and misperceive the eyes. 

D LJ tJD 
LJ 

[J C7 LJu 
MULTIPLE ITEMS were found to have an adverse effect on recogmtlOn of even simple 

figures. Subjects sitting upright viewed the target (left). Then they were briefly shown test 

cards, some of which contained the target figure (middle) and some of which did not 

(right). The subjects were to indicate when they saw a figure that was identical with the 

target figure. Half of the test cards were viewed with the head upright and half with the 

head inverted. Recognition was poor when inverted subjects viewed the test cards. In other 

experiments with a single test figure head inversion did not significantly affect recognition. 
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viewed by an inverted observer, the cor
rective mechanism may be entirely over
taxed. Each letter of the word must be 
corrected separately, and the corrective 
mechanism apparently cannot cope si
multaneously with multiple components. 
It is true that if an observer is given 
enough time, an inverted word can be 
deciphered, but it will never look the 
same as it does when it is upright. While 
one letter is being corrected the others 
continue to be perceived in their uncor
rected form. There is a further difficulty: 
letter order is crucial for word recogni
tion, and inverting a word reverses the 
normal left-to-right order. 

The recognition of inverted longhand 
writing is even more difficult. When 

such writing is turned upside down, 
many of the inverted "units" strongly re
semble normal upright longhand letters. 
Moreover, since the letters are connect
ed, it is difficult to tell where one letter 
ends and another begins. Separating the 
letters of the inverted word makes rec
ognition easier. Even so, it is all too easy 
to confuse a u and an n. This type of 
confusion is also encountered with cer
tain printed letters, namely, band q, d 
and p and n and u, although not as fre
quently. In other words, if a figure is 
recognized on the basis of its upright 
retinal-egocentric orientation, this may 
tend to stabilize the perception and 
block the correction process. The domi
nance of the retinally upright faces in 
the illustration on the opposite page 
probably is an effect of just this kind. 

There may be a similar overtaxing of 
the corrective mechanism when we view 
an inverted face. It may be that the face 
contains a number of features each of 
which must be properly perceived if the 
whole is to be recognized [see "The 
Recognition of Faces," by Leon D. Har
mon; SCIENTIFIC AMERICAN, November, 
1973]. While attention is focused on 
correcting one feature, say the mouth, 
other features remain uncorrected and 
continue to be perceived on the basis of 
the image they form on the retina. Of 
course, the relation of features is also 
important in the recognition of a face, 
but here too there are a great number of 
such relations and the corrective mecha
nism may again be overtaxed. 

Charles C. Bebber, Douglas Blewett 
and I conducted an experiment to test 
the hypothesis that it is the presence 
of multiple components that creates the 
difficulty of correcting figures. Subjects 
were briefly shown a quadrilateral figure 
and asked to study it. They viewed the 
target figure with their head upright. 
Then they were shown a series of test 
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AMBIGUOUS FACES are perceived differently when their images 

on the retina of the observer are inverted. If you hold the illustra· 

tion upright and view it from between your legs with your head 

inverted, the alternative faces will be perceived even though they 

are upside down in terms of the environment. The same effect oc

curs when the illustration is inverted and viewed from an upright 

position. Such tests provide evidence that figures such as faces are 

recognized on the basis of their upright retinal orientation. 

cards each of which had four quadri
lateral figures. The test cards were 
viewed for one second, and the subjects 
were required to indicate if the target 
figure was on the card. 

The subjects understood that they 
were to respond affirmatively only when 
they saw a figure that was identical with 
the target figure both in shape and in 
orientation. (Some of the test figures 
were similar to the target figure but 
were rotated by 180 degrees.) Half of 
the test cards were seen with the sub
ject's head upright and half with the 
subject's head inverted. It was assumed 
that the subject would not be able to 
correct all four test figures in the brief 
time that was allowed him while he was 
viewing them with his head down. He 
had to perceive just as many units in the 
same brief time while he was viewing 
them with his head upright, but he did 
not have to correct any of the units. We 
expected that target figures would often 
not be recognized and that incorrect fig
ures would be mistakenly identified as 
the target when the subjects viewed the 
test cards with their head inverted. 

The results bore out our prediction. 
When multiple components have to be 
corrected, retinal disorientation has an 
adverse effect on recognition. The ob
server responded to twice as many test 
cards correctly when he was upright 
than he did when he was inverted. 

As I have noted, when we look at fig
ures that are difficult to recognize when 
they are retinally disoriented, the diffi
culty increases as the degree of disorien
tation increases. Why this happens may 
also be related to the nature of the cor
rection process. I suggested that the ob
server must suppress the retinall y (ego
centrically) upright percept and substi
tute a corrected percept. To do this, 
however, he must visualize or imagine 

how the figure would look if it were ro
tated until it was upright with respect 
to himself or, what amounts to the same 
thing, how it would look if he rotated 
himself into alignment with the figure. 
The process of mental rotation requires 
visualizing the entire sequence of an
gular change, and therefore the great
er the angular change, the greater the 
difficulty. 

As every parent knows, children be
tween the ages of two and five seem to 
be quite indifferent to how a picture is 
oriented. They often hold a book upside 
down and seem not at all disturbed by 
it. On the basis of such observations and 
the results of some early experiments, 
many psychologists concluded that the 
orientation of a figure did not enter into 
its recognition by young children. More 
recent laboratory experiments, however, 
do not confirm the fact that children rec
ognize figures equally well in any orien
tation. They have as much difficulty as, 
or more difficulty than, adults in recog
nizing previously seen figures when the 
figure is shown in a new orientation. 
Why then do young children often spon
taneously look at pictures upside down 
in everyday situations? Perhaps they 
have not yet learned to pay attention to 
orientation, and do not realize that their 
recognition would improve if they did 
so. When children learn to read after the 
age of six, they are forced to pay atten
tion to orientation because certain let
ters differ only in their orientation. 

In summary, the central fact we have 
learned about orientation is that the per
ceived shape of a figure is not simply a 
function of its internal geometry. The 
perceived shape is also very much a 
function of the up, down and side di
rections we assign to the figure. If there 
is a change in the assigned directions, 
the figure will take on a different per-

ceptual shape. I have speculated that 
the change in perceived shape is based 
on a new "description" of the figure by 
the perceptual system. The directions 
assigned are based on information of 
various kinds about where the top, bot
tom and sides of a figure are and usually 
do not depend on the retinal orientation 
of the image of the figure. vVhen the im
age is not retinally upright, a process of 
correction is necessary in order to arrive 
at the correct description, and this cor
rection is difficult or impossible to 
achieve in the case of visual material 
that has multiple components. 

�l of this implies that form perception 
in general is based to a much great

er extent on cognitive processes than any 
current theory maintains. A prevailing 
view among psychologists and sensory 
physiologists is that form perception can 
be reduced to the perception of contours 
and that contour perception in turn can 
be reduced to abrupt differences in light 
intensity that cause certain neural units 
in the retina and brain to fire. If this is 
true, then perceiving form results from 
the specific concatenation of perceived 
contours. Although the work I have de
scribed does not deny the possible im
portance of contour detection as a basis 
of form perception, it does suggest that 
such an explanation is far from sufficient, 
and that the perception of form depends 
on certain mental processes such as de
scription and correction. These proc
esses in turn are necessary to account for 
the further step of recognition of a fig
ure. A physically unchanged retinal im
age often will not lead to recognition if 
there has been a shift in the assigned 
directions. Conversely, if there has been 
no shift in the assigned directions, even 
a very different retinal image will still 
allow recognition. 
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Waste Watcher 
Israel Proler
he collects 
steel cans by 
the millions 
Israel Proler is one of America's 

new breed of waste watchers. The 

Chairman of Texas-based Proler 

I nternational Corp., he is con

cerned about America's environ

mental shape. And he is doing 

something about it by reclaiming 

everything from junked autos to 

used tin cans. 

Hundreds of millions of tin cans 
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are magnetically reclaimed each 

year from municipal garbage and 

then processed in Proler plants. 

Along with thousands of tons of 

scrap from canmaking lines, the 

used cans are then shipped to 

Arizona and New Mexico .. There 

they are used as "precipitation 

iron" in a chemical process that 

recovers copper from low-grade 

ore. 

Israel Proler is on the prowl for 

used steel cans which can be ec

onomically handled by his plants. 

The nation's copper mines can 

use an estimated 10-billion an

nually. 

Reclaimed steel cans also are re

cycled by the steel industry, de-

tinning plants and ferroalloy 

producers. 

Mr. Proler and other waste watch

ers are reclaiming 3 billion steel 

cans in 20 cities by magnetic sep

aration-the leading resource re

covery system. Steel's unique 

magnetic property makes it pos

sible. 

If you would like to know more 

about "waste watching," write to: 

Tinplate Producers, American 

I ron and Steel Institute, 150 East 

42nd Street, New York, New York 

10017. 

Tinplate Producers 
American Iron 
and Steel Institute 
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The Physics of the Bowed String 
What actually happens when a violin string is bowed? Modern 

circuit concepts and an electrom,agnetic method of observing 

string motion have stimulated new interest in the question 

The heart of the violin or any of its 
relatives, the center from which 
flows the acoustic pulse that is the 

very life of the music, is the bowed 
string. The string-its action under the 
fingers and the bow, its gratifying re
sponsiveness and even the problems it 
forces the player to solve-plays a major 
role in establishing the musical identity 
of this family of instruments. Conceptu
ally the string is the simplest of com
ponents, although its manufacture calls 
for meticulous care: it must be flexible, 
uniform and strong. In spite of this 

PREAMPLIFIER 

by John C. Schelleng 

simplicity its action under the bow pre
sents many unanswered questions. The 
elementary physics of its behavior can 
nonetheless be of considerable impor
tance to the player. 

Of the many papers published by Her
mann von Helmholtz, ranging through 
physiology, anatomy, physics and the 
fine arts, there is one titled "On the Ac
tion of the Strings of a Violin" that ap
peared in the proceedings of the Glas
gow Philosophical Society in 1860. Up 
to that time little was understood about 
what actually happens when a string is 

bowed. Helmholtz' procedure is a good 
example of how a well-conceived experi
ment combined with simple mathematics 
can illuminate a problem that could not 
at the time be solved with either ap
proach alone. Today we would call his 
apparatus an oscilloscope; to him it was 
a "vibration microscope," an invention 
he credited to the French physicist Jules 
Antoine Lissajous. Through this instru
ment he looked at a grain of starch fas
tened to a black string, which he set in 
vibration by bowing. The objective lens 
of the microscope was mounted on a 

MOVABLE 
NUT TAILPIECE 

MAGNET _.-(i�<:::::;::ElI=��:====n 

AMPLIFIER 

OSCILLOSCOPE 

MONOCHORD, a simple experimental arrangement used by the 

author to study the motion of a bowed string, consists of a single 

electrically conducting string mounted between two massive 

bridges on a firm base. The movement of the string through the 

magnetic field set up by a small movable magnet generates an out· 

put signal that can be amplified and displayed on an oscilloscope 

screen (see circllit diagram at bottom). With the two switches in the 

up position the system displays string velocity; with the two 

switches down the system displays string displacement. The string 

can be bowed by hand, by a pendulum·driven bow or rotary bow. 
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large tuning fork so as to vibrate slowly 
parallel to the length of the string. When 
both string and fork were set in motion 
at suitable rates, Helmholtz saw a "Lis
sajous figure," a form of oscillogram that 
displayed the position of the starch par
ticle as it varied within the period of 
vibration of the fork. By similarly ex
amining the motion at other points he 
experimentally acquired the basis for a 
mathematical description of the motion 
of the string as a whole. 

Helmholtz wrote that "during the 
greater part of each vibration the string 
is carried on by the bow. Then it sud
denly detaches itself and rebounds, 
whereupon it is seized by other parts of 
the bow and again carried forward." 
Plotting the position of the bit of starch 
as a function of time, he found that ev
ery aspect of the picture as he found it 
except one could be represented by 
straight lines. During one period of vi
bration, almost regardless of where on 
the string he looked or where he bowed, 
the curve was a zigzag of two straight 
lines [see illustration below]. The two 
periods of time into which the vibration 

d 

was broken were always in the same ra
tio as the two lengths into which the 
point of observation divided the string. 

Something can be learned merely by 
looking at the lowest string of an in
strument while it is being vigorously 
bowed [see illustration on opposite 
page]. In appearance it widens into a 
ribbon bounded end to end by two 
smooth curves. (Actually the position 
around which the string vibrates is 
moved a little to one side by the average 
force exerted by the bow in its direction 
of motion. ) Helmholtz found mathemati
cally that the boundaries are parabolas; 
because of their shallowness they are in
distinguishable from arcs of a circle. It 
would be a mistake, however, to suppose 
that the string itself has this shape at 
any time. The string, Helmholtz found, 
has at any instant the shape it would 
have if it were pulled aside by the finger 
to some point on the arc: it is a straight 
line sharply bent at one point. The bend 
races around this edge once in every vi
bration; for the open A string of a violin, 
for example, it goes around 440 times in 
one second. If Helmholtz had been able 
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DISPLACEMENT OF BOWED STRING from its average position is plotted as a function 

of time in the first three curves in this illustration. The characteristically zigzag curves were 

obtained by bowing near one end of the string and observing at the middle (a), near the 

bridge end (b) and near the nut end (c). In each case the two periods of time into which 

the vibration is broken are in the same ratio as the two lengths into which the point of ob· 

servation divided the string. Rectangular string-velocity curve (d) corresponds to curve c. 
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to view the string with the aid of a 

stroboscopic lamp, the boundary would 
have disappeared and he would have 
seen the string as a sharply bent straight 
line. When the bow changes from "up 
bow" to "down bow," the motion of the 
bend around the edge changes from 
counterclockwise to clockwise. 

The sideways velocity of the string 
at any point has two alternating values, 
unequal in magnitude and opposite in 
sign. As a result a typical zigzag dis
placement curve has a corresponding ve
locity curve that is rectangular in shape. 
The ratio of the two alternating veloc
ities is the same as the ratio of the 
lengths into which the point of observa
tion divides the string. 

Two simple physical facts underlie 
the action of the bowed string. The first 
is that "sliding" friction is less than 
"static" friction and that change from 
one to the other is almost discontinuous
ly abrupt. The second is that thG flexible 
string in tension has a succession of nat
ural modes of vibration whose frequen
cies are almost exact whole-number 
multiples of the lowest frequency; as a 
result the duration of a single vibration 
in the first, or lowest, mode precisely 
equals the duration of two vibrations in 
the second mode, three in the third and 
so on. Without outside compulsion the 
string is therefore by its very nature giv
en to supporting a "periodiC" wave, that 
is, a repetitive series of similar vibrations 
with a wave form dictated by the "stick
slip" process. The string allows the co
existence of a multitude of harmonics; 
the peculiarities in friction require it. 

Helmholtz' shuttling discontinuity is 
the timekeeper that precisely triggers the 
capture and release of the string at the 
bow. There is a perennial explanation 
that views the string as a spring peri
odically pulled sideways to the breaking 
point of static friction. The spring re
coils and is again captured. This view 
cannot explain the constancy in repeti
tion rate over the wide range of bow 
forces, or "pressures," applied by the 
hand. The correct explanation must be 
given in dynamic terms; such an ex
planation is suggested by the constancy 
in time needed in the flexible string for 
the bend to travel twice its length. The 
timing is vividly illustrated by striking 
a long, taut clothesline near one end 
with a stick. A discontinuity is clearly 
seen hurtling to the far end, where it is 
reflected. On its return one feels through 
the stick (still resting on the line) an im
pulse much like the momentary frictional 
force on the string, which fails to hold 
at escape but succeeds at recapture. 
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A simple experiment partially con
firms this picture of the action of the 
bowed string [see illustration on next 
page]. An instrument is mounted with 
the strings horizontal. A light bow, sus
pended at its heavy end by a long thread, 
rests on one of the strings at a point 
near the bridge. A second bow sets the 
string in vigorous vibration. Before the 
hanging bow can begin to move slipping 
occurs at all times except at moments 
when the string reverses. Since friction 
in slipping is nearly independent of 
speed of slipping, the forces in the two 
directions of vibration are the same but 
the impulses imparted to the bow are 
proportional to the duration. The di
rection of the acceleration of the hang
ing bow will therefore indicate the di
rection of string motion during the 
Ion ger dura tion. 

The experiment shows, however, that 
the direction in which the hanging bow 
moves is the same as the direction in 
which the driving bow is moving. There
fore it is in the longer interval that the 
string moves with the driving bow; rela
tive motion between driver and string is 
accordingly less than in the shorter in
terval and sticking is presumably occur
ring. If the hanging bow is now placed 
near the opposite end of the string, it 
will be found to move in a direction op
posite to that of the driver. 

Helmholtz believed that the velocity 
of the string while it is snapping 

back is constant. A half-century later 
C. V. Raman found that in most cases 
this is only approximately true. Raman's 
discovery came in the course of an inge
nious study of the mechanical action of 
the violin involving both experiment 
and theory. With respect to the bowed 
string his point of departure was to de
scribe the motion in terms of the pro
gressive waves of transverse velocity 
that make up the standing waves of the 
Helmholtz system. The same wave can 
be described in terms of its lateral dis
placement or its lateral velocity. One 
advantage in emphasizing velocity is 
that these waves can be represented as 
straight lines. 

The shape of the Raman wave in 
those cases that are of interest in music 
(Raman dealt with many that are not) 
again is a zigzag, but it differs from the 
displacement curves introduced above 
in that although the "zigs" are slow, the 
"zags" are instantaneous [see top illus
tration on page 91]. When such a wave 
is reflected from the immovable end of 
the string, it looks exactly as it did be
fore except that its direction of propaga-
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SHAPE OF BOWED STRING appears to widen into a ribbon bounded end to end by two 

smooth parabolic curves (colored outlines). As Hermann von Helmholtz found more than 

a century ago, however, the actual shape of the string at any instant is a straight line sharply 

bent at one point (black line). The bend races around the boundary once in every vibration. 

The direction of the bend's circulation in this particular series of diagrams corresponds 
to an upward motion of the bow; reverse the direction of the bow's motion and the bend 

reverses its direction of circulation. This peculiar motion is a form of standing wave. 
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tion is reversed. 'vVhen vibration is in the 
fundamental mode, the length of the 
string is half the distance between zags. 

This progressive velocity wave is of 
interest because, being incident on the 
bridge of the violin, it exerts a vibrational 
force whose shape is identical with its 
own. Insofar as the Helmholtz approxi
mation holds, its harmonic structure 
therefore describes the tone quality of 
the string itself at the point in the instru
ment where the sound spectrum has not 
yet been influenced by resonances in or 

radiation from the body. The spectrum is 
remarkably simple: the amplitude of the 
nth harmonic is lin times the amplitude 
of its lowest, or fundamental, frequency. 
This simple relation is of considerable 
importance in investigating the sound 
spectrum of the violin as a whole. 

Within the past few years, stimulated 

FOLLOWING BOW 

by circuit concepts and an electromag
netic method of observing string mo
tion, there has been a renewal of in
terest in the physics of the bowed string 
both in this country and in Europe. 
More than half of the strings currently 
in use in stringed instruments are elec
trically conductive. If a small magnet is 
placed close to the string, the combina· 
tion of a conductor moving in a magnetic 
field constitutes a magneto whose output 
can be displayed merely by inserting 
the string in the input circuit of a suit
able amplifier connected to an oscillo· 
scope. The electromotive force is pro
portional to the velocity of the string. 
The string can be mounted on the in
strumelit proper or on a monochord: an 
experimental arrangement consisting of 
two massive bridges on a firm base with 
some means for providing tension in the 

string and a mount for the magnet [see 
illustration on page 87]. In my experi
ments two methods of bowing were used 
besides bowing by hand: a rotary bow 
developed by F. A. Saunders in his re
searches on violins and string action, 
and an ordinary bow driven by a 50-
pound pendulum. 

An electrical circuit connected to the 
monochord (or to the instrument) makes 
it possible to display the velocity or dis
placement of the string in the form of 
oscillograms. The first oscillogram in the 
bottom illustration on the opposite page, 
for example, displays velocity at the bow 
in a very flexible string. In the long 
period velocity lies above the zero line; 
that is also the velocity of the bow (if 
one ignores the slight ripples). In the 
short period of slipping there is a high 
negative velocity as the string whips 

"FOLLOWING BOW" EXPERIMENT, performed in the course of 

the author's investigation, partially confirms Helmholtz' dynamic 

picture of the action of a bowed string. With the instrument mount· 

ed horizontally, a light bow, suspended at its heavy end by a long 

thread, rests on one of the strings at a point near the bridge. A sec· 

ond how sets the string in vigorous vibration. In this situation the 

hanging bolV is found (after a short period of slipping) to move in 
the same direction as the driving bow. The direction in which the 

hanging bow moves indicates the direction of string motion during 

the longer interval of each vibration. When the hanging bow is 
placed near the opposite end of the string, one finds that the 

"follower" moves in a direction opposite to that of the "driver." 
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backward to take a new hold on the bow. 
The bow was near the bridge in this 
case and the shape of the curve is close 
to what the Helmholtz construction pre
dicts. The zigzag in the second oscillo
gram shows the same vibration in terms 
of displacement instead of velocity. 

Simplicity in instrumentation is not 
the only advantage in displaying velocity 
rather than displacement. In this way 
high-frequency detail that would not be 
suspected is brought out clearly. 

When the circuit is arranged to indi
cate displacement close to the bridge, it 
also indicates the transverse vibrational 
force applied by the string. The "sound 
of strings" alone, divorced from the mod
ifying effect of the body of the instru
ment, can be produced by placing a 
magnet for each of the strings close to 
the bridge. The output from the four 
magnets in series is then passed through 
the integrator and is amplified and re
corded. This arrangement sums up the 
forces applied by all strings. Playback 
therefore gives the effect of strings alone. 
(Recording is unnecessary if a dummy 
fiddle radiating no sound is used. ) 

The result definitely resembles a 
bowed-string instrument, but an inferior 
one. If the system faithfully translates 
the force on the bridge into radiated 
sound pressure, the resulting sound spec
trum with a given speed of bow will vary 
with frequency in an essentially inverse 
manner, the strongest effect being in the 
lowest tone. This "sound of strings" is 
not unlike the sound of the violin family 
in its upper octaves, but it differs dras
tically in the lower ones, where instead 
of the fiddle's achieving its strongest 
fundamental on the lowest tone the ef
fect falls practically to zero because of 
the small size of the instrument in relation 
to the wavelength of such a tone in air. 
The harmonics then are to be credited 
with the fundamental tone heard sub
jectively. It is hardly necessary to em
phasize the role that this characteristic 
has played in the evolution of the instru
ment. 

I n playing a bowed-string instrument 
there are certain limits to the speed of 

the bow, its distance from the bridge and 
the normal force applied; these limits 
must not be overstepped in a specific 
musical situation. For the experienced 
player this is usually a matter of choos
ing almost subconsciously from familiar 
patterns of action, but in extreme cases 
he is probably always aware of the limi
tations imposed on him. The ranges of 
these mechanical parameters are for
tunately wide: the bow-to-bridge dis
tance, for example, may vary from a 
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RAMAN WAVES were introduced by C. V. Raman to describe the motion of the bowed 

string. The shape of such a progressive transverse velocity wave differs from the correspond. 

ing Helmholtz standing wave of string displacement in that whereas the "zigs" are slow, the 

"zags" are instantaneous. When the oppositely moving Raman waves (top) are summed, the 

resulting wave (bottom) shows how the two velocities that exist alternately at any point on 

the string depend on the position of the discontinuity between "slipping" and "sticking." 

MOTION OF VERY FLEXIBLE STRING at the bow is represented by these two oscillo· 

grams, which show string velocity (top) and string displacement -<bottom) for the same 

vibration. The bow in this case was located about a twentieth of the length of the string 

away from the bridge. The shape of the curves is close to what Helmholtz picture predicts. 
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"RABBIT EARS" characterize the curves that represent the frictional force that is exerted 

by a bow in order to vibrate a string. One ear forms on the curve for frictional force when 

the discontinuity arrives from the nut, overcomes static friction and initiates slipping; the 

other ear forms when the discontinuity returns from the bridge and initiates sticking. The 

top curve shows the frictional force when the bow force has a typical value midway between 

the upper and lower allowable limits; the middle curve applies to the lower limit. For claro 

ity ripples have been omitted from the wings of both of these curves (left and right). The 

curve at bottom is the string.velocity curve corresponding to the frictional·force curve at top. 
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minimum value to five times that mini
mum; speed and force may range up to 
100 times their minimum value. Given 
any two of these parameters, in order to 
assume an acceptable tone the third 
must fall within a range that depends 
on thc physical constants of the string 
and the body of the instrument. For sus
taincd tones these ranges are generous, 
although clearly all portions of a given 
range are not equally desirable. For ex
amplc, position and speed being given, 
the highest permissible force may typi
cally be 10 times the minimum. The first 
question is: \-Vhat are the processes that 
determine the existence of these limits? 

In order to explain the limitations on 
bow force it is helpful to consider how 
the frictional force at the point of con-' 

tact of the bow and the string varies in 
time. Although one cannot at present dis
play this force on an oscilloscope, it is 
possiblc to form a simplified qualitative 
picture on the basis of the physics in
\·(Jlvcd. To do this one assumes (1) that 
the elementary laws of static and dynam
ic friction can be applied, (2) that the 
bridge acts as a high "mechanical" re
sistance (analogous to resistance in an 
electrical circuit) and (3) that the mass 
and tension of the string and its motion 
at the bow are known. 

Assuming that the f�rce on the string 
is always in the direction of the bow's 
motion, the points of maximum bow 
force occur at intervals of zero degrees, 
360 degrees, 720 degrees and so on; 
the minimum points will then fall at 180 
degrees, 540 degrees, 900 degrees and so 
on [see illustration at left J. The cyclic 
swinging of force between these two 
levels is what is needed in order to vi
brate the instrument. In the small inter
val around 180 degrees slipping occurs. 
In transition from sticking to slipping 
there is a brief moment when the maxi
mum of static frictional force required 
by bow force is exerted. Research has 
shown that "static friction" is really not 
quite static: velocity, although minus
cule, is finite, and friction in reality 
changes continuously with velocity near 
zcro velocity with a narrow maximum 
corresponding to static friction. The 
same curve is presumably followed in re
verse in going from slipping to sticking. 
The "rabbit ears" evident in such fric
tional-force curves are the result. Such 
curves differ in detail in going from note 
to note because of complexity in the ac
tion of the body. 

Consider the situation where the bow 
force has a typically intermediate value. 
From the zero-degree mark onward, with 
the string clinging to the bow, the force 
falls toward the minimum, which is dic-
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tated by dynamic friction. Then, at the 
moment when sticking seems most se
cure, the discontinuity arrives and over
comes static friction. The discontinuity 
needs to provide only the amount by 
which static friction exceeds dynamic 
friction. The discontinuity is capable of 
contributing more than is required here, 
perhaps much more. As the bow force is 
increased, however, the time will come 
when the discontinuity will lose out in 
this test of strength and the vibration will 
become an erratic squawk. Maximum 
bow force will have been exceeded. 

A different kind of failure occurs 
when the bow force is decreased to a 
minimum. Here the "ears" of the fric
tional-force curve fall to the same level 
as the maximum force at the zero-degree 
mark, and with the lightest additional 
decrease static friction (as indicated by 
the "ears") becomes insufficient to hold 
the string near the zero-degree level. 
The result is an unstable string-displace
ment curve in which a new zigzag be
gins to form [see top illustration on this 
pagel. If this new zigzag is allowed to 
develop, the fundamental tone will be 
replaced by the octave tone; in short, 
one will have failed to provide minimum 
bow force. 

It is an important fact in the mechan
ics of playing that maximum bow force, 
which depends primarily on the string 
and on frictional coefficients, is inversely 
proportional to the first power of the 
distance of the bow from the bridge, 
whereas minimum bow force, which in 
addition depends on the body of the in
strument, is (at least approximately) in
versely proportional to the second pow
er of the same distance. The quantities 
necessary for calculating these limits are 
known well enough to explain how the 
string reacts to bow forces. For sustained 
tones with a given bow velocity one can 
display the logarithmically linear trends 
of maximum and minimum bow force in 
terms of the relative distance of the bow 
from the bridge expressed as a fraction 
of the total length of string [see bottom 
illustration on this page l. The most 
important result is that the maximum 
bow force and the minimum bow force 
are equal when the bow is placed at a 
certain point very close to the bridge 
and that they diverge as the bow moves 
away from it. (Actually the curves near 
the intersection are to be regarded as ex
trapolations from the right, where nor
mal conditions obtain.) It is this open 
space between the limits that gives to 
bow force the wide tolerance that makes 
fiddle-playing possible. 

The forces toward the left between 
these lines are impractically high; nor-

NEW ZIGZAG begins to form in the oscillographic displacement curve of a bowed string 

when the bow force is allowed to fall below the minimum bow force. If this unstable 

condition is allowed to develop, the fundamental tone will soon give way to the octave tone. 

mal playing is confined to the area 
toward the right. Farthest from the 
bridge the volume of the sound is least, 
the content of upper harmonics is mini
mal and the timbre has the gentle char
acter that composers seek by designat
ing sul tasto: "bow over the fingerboard. " 
Exceed maximum bow force and the re
suIt is unmusical; fall short of the mini
mum and the solid fundamental tone is 
lost, leaving what is sometimes called a 
surface tone. The closer the bow is to 
the bridge, the less generous is the ratio 
between maximum and minimum bow 
force and the steadier is the hand that is 
needed. The experienced player prizes 

this domain for its nobility of tone; the 
beginner finds it prudent to play closer 
to the fingerboard. Closer still to the 
bridge bow force mounts prohibitively 
and the solidity of the fundamental tone 
disappears until little more than a swarm 
of high harmonics remains to suggest the 
fundamental tone; this is the eerie sui 
ponticello (''bow over the little bridge") 
of the composer. Within the normal
playing area the relative harmonic con
tent increases-the tone becomes more 
brilliant-either as the bow moves toward 
the bridge or as the bow force increases 
toward its maximum. 

Such a diagram is to be taken as quali-
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NORMAL-PLAYING RANGE for a bowed·string musical instrument is depicted for sus· 

tained tones at a constant bow velocity in this graph, which indicates the logarithmically 

linear trends of maximum and minimum bow force in terms of the relative distance of the 

bow from the bridge expressed as a fraction of the total length of the string. As the graph 

indicates, the maximum bow force and the minimum bow force tend toward equality (upper 

left) when the bow is placed at a certain point very close to the bridge and they diverge as 

the bow moves away from the bridge (lower right). The open spate between these two lim· 

its, shown in color, accounts for the wide tolerance in permissible bow force. SuI tasto 

means "bow over the fingerboard"; sltl ponticello means "bow over the little bridge." The 

second set of coordinates (bottom scale; right scale) suggests the normal.playing conditions 

for a typical A string of a cello bowed at a sustained velocity of 20 centimeters per second. 
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tative, in particular the curve for mini
mum force, which varies greatly from 
note to note because of the complexity in 
the response of the body of the instru
ment. Although the Helmholtz idealiza
tion is close enough to fact to provide a 
useful basis for many first-order calcula
tions such as those described above, it 
is not completely trustworthy in other 
respects. In contradiction to what it im
plies, harmonic content increases with 
bow force, changing timbre and loud
ness. If loudness depended only on the 
"root mean square" vibrational force on 
the bridge, the effect would not be of 
much consequence, but when harmonics 
are radiated more efficiently than the 
fundamental tone or perceived more sen
sitively by the ear, the effect is of some 
importance. The fact remains that the 
player's major resource in controlling 
volume lies in the speed and placement 
of the bow. The implication that sound 
pressure is directly proportional to bow 
speed and inversely proportional to bow
to-bridge distance is not far wrong. 

Bowed tones start in different ways, 
but perhaps most frequently the bow 
pulls the string sideways until its dis
placement can no longer be supported 
by static friction. Failure in friction, like 
release in plucking, sets up two oppo
sitely traveling Helmholtz discontinu
ities, only one of which, the one toward 
the bridge, can become sustained. Until 
bow speed matches bow force, however, 
the condition is described as "raucous," 
and there may be many false starts be
fore balance is realized. The art in such 
beginnings is to achieve the match in 
such a short time or at such a low sound 
level that an unpleasant effect is avoided. 

A noiseless beginning can be made by 
allowing the bow already in motion to 
make a "soft landing" on the string, thus 
entering the normal-playing zone by 
way of the zone labeled "Higher modes. " 
Theoretically at least, bow forces and 
velocity can be balanced from the be
ginning. 

I n the foregoing discussion of the fric-
tional force between the bow and the 

string a phenomenon of some interest 
was left unmentioned in the interest of 
simplicity, namely the role of the "ears" 
of the frictional-force CUlve in settin g 
up reverberations between the bow and 
the ends of the string, some of which 
may persist for many periods of vibra
tion. These effects are ignored in the 
classical discussion of the action of the 
bow but are prominent in oscillograms 
of string velocity. Consider a curve show
ing the motion of the string under the 
bow, where during the long interval of 
sticking the string might be expected to 
follow the unchanging speed of the bow 
[see illustration below J. It is in fact true 
that there is no slipping, but the string 
can nevertheless move by rolling on the 
bow except as prevented by the string's 
resistance to twist. The ripple in rolling 
implies a corresponding ripple in force 
exerted on the string. 

A more comprehensive frictional-force 
curve would therefore show sharp fluc
tuations in force superposed on the 
smooth sections. One effect is to raise 
the minimum bow force somewhat. 
Away from the bow the ripples in veloci
ty are much more pronounced. The mo
tion would be completely suppressed at 
the bow if the string allowed no twisting, 

ROLLING OF STRING on the bow during a long interval of sticking produces character· 

istic "ripples" in the string's velocity curve. To obtain this oscillogram an A string of a 

cello was bowed with 4.5 times the minimum bow force. The period immediately following 

the capture of the string by the bow (that is, the section of curve just to the right of each 

main pulse) shows mainly the decay of the pulse formed at that capture as it reverberates in 

the short section of string. The period before release shows mainly long.delayed reverbera. 

tions in the long section, not only from the most recent release but also from earlier ones. 
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but it would still exist away from the 
bow. 

The term wolf note is commonly used 
to describe an unpleasant sound that 
appears consistently at an isolated fre
quency in a bowed-string instrument. 
Often its origin is obscure. There are 
many varieties of wolves but the most 
vicious of the species has its habitat in 
the cello (and sometimes in the violin or 
the viola) one octave and a few semi
tones above the lowest note. There is no 
mystery about its cause. The body of 
each instrument has a multitude of reso
nances, and the wolf tone (if one exists) 
arises at the most prominent of them. 
For the bowed string to behave properly 
its ends must be given a support whose 
rigidity is in keeping with the mass of 
the string. Fingering one of the heavier 
strings to the same frequency as the 
resonant frequency of the body there
fore invites trouble. This nuisance mani
fests itself in different ways but the most 
characteristic way is the generation of 
two tones, both forced vibrations, close 
enough together to produce a harsh 
beating. Since the two tones straddle the 
resonance peak, they require less bow 
force than one tone would alone at the 
resonant frequency [see top illustration 
on opposite page J. 

In the stiff strings of the piano, con
sisting as they do of thick steel wire, the 
frequencies of higher modes of vibration 
are not whole-number multiples of the 
frequency of the lowest mode but are 
somewhat sharp. That is not a defect: 
the "tang" it gives to the sound of the 
struck string is highly valued. What ef
fect does stiffness produce in a bowed 
string? Clearly it is different from that in 
the piano. The mechanism of bowing 
produces a succession of almost identical 
vibrations. From a mathematical point of 
view this is another way of saying that 
the vibration is made up of harmonic 
components whose frequencies are ex
act whole-number multiples of the lowest 
frequency. 

There can indeed be an effect in the 
bowed string. Although inharmonicity is 
perforce held at bay, freedom in vibra
tion is restricted. One expects deteriora
tion in tone quality through reduction in 
higher harmonics, difficulties in intona
tion and the need for abnormal bow 
forces. Before 1700, when wound strings 
became available, all violin strings con
sisted of gut, but the gut G string (the 
lowest) was unsatisfactory. The reason 
is not hard to find. With bowing the 
fundamental frequency is close to that 
of the lowest natural mode of vibration; 
in the gut G, however, seven times that 
frequency falls midway between the 

© 1973 SCIENTIFIC AMERICAN, INC



sixth and seventh vibrational modes and 
so is completely without the support of 
resonance. Regardless of the bow force, 
the seventh harmonic must be negligible. 
This difficulty in producing harmonics 
can be illustrated by a curve that shows 
velocity at the bow in a stiff string [see 
bottom illustration at rightJ. When such 
a string is bowed with minimum bow 
force, its behavior bears almost no re
semblance to that of a flexible string. 

The sharpening of the nth mode 
caused by stiffness is directly proportion
al to the square of n and to a quantity 
called the coefficient of inharmonicity. 
If one changes a string mounted at a giv
en position on a given instrument, keep
ing length and frequency unchanged, 
interchangeability requires that the same 
tension be maintained as well. Consider
ing now a series of homogeneous strings 
of diverse materials, the coefficient of 
inharmonicity turns out to be propor
tional to the modulus of elasticity di
vided by the square of the density. For 
steel this ratio is about 50 percent great
er than it is for gut; for aluminum the 
ratio is nearly five times greater than 
it is for gut. For silver, on the other 
hand, the ratio is about a third of the 
value for gut. A steel piano string that 
has the same pitch as the steel E string 
of the violin has an inharmonicity co
efficient 20 times greater. If one ignores 
differences in tension in the four strings 
of a violin (actually it is considerably 
more in the highest string than in the 
others), inharmonicity for homogeneous 
strings of the same material, being in
versely proportional to the fourth power 
of frequency, increases by a factor great
er than 100 in going from the highest 
string to the lowest. 

From calculations and measurements 
for several strings on the market, in
cluding some that are wound, it appears 
that when the coefficient of inharmonici
ty is equal to or less than .1, stiffness 
offers no disadvantage in bowing. In the 
steel E string of the violin the value is 
about .04. For one very good cello C 
string with metal winding on steel cable 
it is about the same. 

As with many seemingly simple 
things, there is much about the bowed 
string that remains open to speculation. 
Does twisting lead to any important 
acoustic effect? How important is "neg
ative resistance" throughout slipping 
and exactly how does rosin behave? 
How much do successive periods of vi
bration differ and is this slight wandering 
of any musical significance? The answers 
to such questions may be of little interest 
to the player, but the student of the 
bowed string would still like to know. 

"WOLF NOTE," an unpleasant sound that may appear consistently at an isolated frequency 

in a bowed.string instrument (particularly in the cello), is produced by the "beating" of 

two or more tones generated by "forced" vibrations of a string clustering around the natu

ral resonant frequencies of the body of the instrument. This oscillogram, which shows the 

string motion for a complicated wolf tone obtained from the C string of a cello, was supplied 

by Ian M. Firth and J. Michael Buchanan of the University of St. Andrews in Scotland. 

EFFECT OF STIFFNESS in a bowed string is a deterioration in tone quality attributable 

in part to an increased difficulty in producing higher harmonics. This problem is demon
strated by these three oscillograms, which represent the velocity of a stiff string at the bow 

for three levels of bow force: minimum (top), intermediate (middle) and high (bottom). 
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THE ASTROLABE 

This scientific instrument of the Middle Ages was used for both 

astronomical and terrestrial observations. It also served as an 

analogue computer, particularly for determining the local time 

T
he astrolabe was the most widely 
used astronomical instrument of 
the Middle Ages. It originated in 

antiquity and was still not uncommon in 
the 17th century. One purpose of the 
instrument was observational: it was em
ployed for finding the angle of the sun, 
the moon, the planets or the stars above 

ALMUCANTARS 
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STAR POINTER 

PLATE WITH COORDINATE LINES 

by J. D. North 

the horizon or from the zenith. It could 
also be used for determiIting the height 
of mountains and towers or the depths of 
wells and for surveying in general. Far 
more important, however, was the astro
labe's value as an auxiliary computing 
device. It enabled the astronomer to 
work out the position of the sun and 

principal stars with respect to the merid
ian as well as the horizon, to find his 
geographical latitude and the direction 
of true north (even by day, when the 
stars were not visible), and it allowed 
him to indulge in such prestigious and 
lucrative duties as the casting of horo
scopes. Above all, in the days before re-

RETE 

HORIZON LINE 

TROPIC OF CANCER 

HOUR ANGLE LINES 

NORTH CELESTIAL POLE 

DIAGRAM OF THE FRONT OF AN ASTROLABE shows those 

parts that were central to its function as an instrument for calcula· 

tion. The fretted network, known as the rete, is a reproduction of 

the heavens. The tiny pointers indicate the positions of the stars. 

The eccentric circle at the top is the ecliptic: the yearly path of the 

sun through the sky. The rete pivots around a pin that holds it to 

the plate behind it. The pin's position corresponded to the north 

celestial pole. The lines on the plate represent coordinate lines that 

are fixed with respect to an observer on the earth. The turning of 

the rete showed the daily motions of stars in relation to observer. 
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liable clocks were commonly available, 
the astrolabe provided its owner with a 
means of telling time by day or by night, 
as long as the sun or some recognizable 
star marked on the instrument was 
visible. 

A more precise name for the instru
ment I am describing is the planispheric 
astrolabe. There are three other types 
of astrolabe: the linear astrolabe, the 
spherical astrolabe and the mariner's as
trolabe. The linear astrolabe was an in
strument that was difficult both to use 
and to understand, and it was rarely 
made. The spherical astrolabe was also 
rare; it was in the form of a globe, al
though it had much in common with the 
lIat planispheric astrolabe. The mariner's 
astrolabe was a relatively late instru
ment; as far as is known it was first used 
only a little before the time of Columbus. 
It was a crude device, serving chiefly to 
find the altitude of the sun, moon or 
stars above the horizon, and it was used 
for much the same purpose as the sex
tant of later centuries. Basically it con
sisted of an alidade, or straight rule, 
pivoted centrally on a single pin on a 
circular plate. On each end of the ali
dade was a vane pierced with a hole. 
The mariner hung the instrument from 
his thumb and adjusted the alidade so 
that he could sight the celestial object 
through the holes in the vanes. He then 
read the altitude of the object on the 
scale of degrees around the edge. (In 
working with the sun he would have al
lowed one vane to cast a shadow on the 
other .in order not to injure his eyes by 
direct observation.) The mariner's astro
labe was made of heavy brass so that it 
would hang steadily from its ring and 
shackle, and it was also pierced so that 
the wind would affect it as little as pos
sible. 

The planispherie astrolabe I shall 
henceforth call simply the astrolabe, 
since it was by far the commonest type. 
In order to fully understand even its 
simple uses, it is necessary to examine 
its outward form and trace how it ac
quired that form. 

Both sides of the astrolabe bore valu-
able information. Generally speak

ing, the alidade was pivoted on the back. 
The back was a repository for informa
tion that could in principle have been 
stored elsewhere. It usually carried a 
number of scales and tables whose pre
cise nature tended to change from cen
tury to century. 

A scale that is found on almost all 
astrolabes is the calendar scale, which 
represented the days and months and 
correlated the position of the sun with 

/------ RETE 

ALiDADE 

EXPLODED VIEW OF AN ASTROLABE shows the relationship of its various parts. The 

mater ("mother") is the main body of the astrolabe. The climates are plates engraved with 

('oordinate lines for different latitudes, usually those to \l'hich the observer might travel. 

The alidade is a straight rule that was used for sighting celestial objects and finding their 

altitude. It was held to the back of the astrolabe (see illustration. on page 105) and was free 

to rotate like the rete. The rete fits over all the climates, which are contained within the 

mater. The pin slides through the centers of all the plate, and is secured by the horse, a 
wedge whose thicker end was traditionally in the form of a horse's head. Some astrolabes 

had no loose plates; in such instruments the mater was engraved as the one and only climate. 
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PERSIAN ASTROLABE was made in the 12th century. It is 5)� 
inches across and is of fairly simple design, as are most early astro· 

labes. Rete is regular and star pointers are straight and unadorned. 

MOORISH ASTROLABE of the 13th century has raised knobs on 

the rete to assist the observer in rotating it. Both the front (1)1.010, 
graph at left) and the back (photograph at right) of the instmment 
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MARINER'S ASTROLABE was a crude device used chiefly to find 

the altitude of celestial bodies above the horizon. Alidade is Oil 
the front. This astrolabe is probably Spanish and is dated 1602. 

are shown to illustrate the placement of the rete and the alidade. 

A \I astrolabes on this page are in the collection at the National 

Museum of History and Technology of the Smithsonian Institution. 
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the date within the year. If the stars were 
visible by day, it would be easier to ap
preciate the apparent movement of the 
sun against the stellar background. This 
movement is of course a consequence of 
the earth's motion around the sun; as the 
earth proceeds along its orbit the sun ap
pears to shift with respect to the stars. It 
is therefore often convenient to speak as 
though the earth were at rest in the cen
ter of a vast sphere on which all the ce
lestial objects are situated. The stars and 
even the planets are at such immense 
distances in comparison with the size of 
the earth that the celestial sphere is a 
reasonable convention, as long as one is 
concerned only with the direction of the 
celestial objects from the observer. 

The path of the sun on the celestial 
sphere is the ecliptic, and the sun com
pletes one circuit of the sky along this 
path in a year. The planets appear to 
travel in a band of sky several degrees on 
each side of the ecliptic; this band is the 
zodiac. It is possible to give the approxi
mate position of the sun on the ecliptic 
(its place in the zodiac) for any date of 
the year. Leap years present a small 
problem, but it is not a very difficult one, 
since the accuracy required is only a 
relatively large fraction of a degree. 

The calendar scale of the astrolabe has 
engraved on it the days and the 

months. There is also a zodiac scale, usu
ally concentric with the scale of dates, 
which correlates the dates with the sun's 
position on the ecliptic. The sun's posi
tion can be given as a celestial longitude 
from zero degrees to 360 degrees, reck
oned from some suitable point of origin. 
In the Middle Ages a variant of this 
system was used: the zodiac was divided 
into 12 signs. Each sign was 30 degrees 
in length and had been named after a 
prominent constellation. In actuality 
the constellations had long previously 
moved into neighboring signs as a con
sequence of the slow precession of the 
equinoxes, which in turn is due to a coni
cal movement of the earth's axis. Partly 
because of precession, and partly be
cause the time it takes the earth to go 
around the sun once is not exactly 365J� 
days, there are small shifts in the sun's 
position for any particular date as the 
years pass. These shifts can be taken care 
of without much difficulty by the rules 
of the calendar. On an astrolabe, how
ever, it could not easily be done, and a 
medieval calendar scale is likely to be 10 
or 11 days out of register with one of 
today. 

The front of the astrolabe is more im
portant than the back. It has two princi
pal parts. One, the rete, is a fretted plate, 
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STEREOGRAPHIC PROJECTION OF EQUATOR AND TROPICS shows how these cir. 

cles on the celestial sphere (top) are projected onto the astrolabe plate (that is, onto the 

mater or one of the climates) or onto the rete. On most astrolabes the plane of the equator 

(or a plane parallel to it) is taken to be the plane of the projection. A line is extended from 

the south celestial pole to the desired point on the celestial sphere (in this case one of the 

tropics or the equator). The point where this line intersects the plane of the projection is 

the location of that celestial point on the map. A series of such points is charted to yield 

the coordinate lines. The equator and tropics are at right angles to the axis of the projeco 

tion. As a result they turn out to be circles that are concentric and centered on the point 

representing the north celestial pole (bottom). Pin goes through the north celestial pole. 
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STEREOGRAPHIC PROJECTION OF ALMUCANTARS, or circles of equal altitude con· 

centric with the observer's zenith and parallel to the horizon, makes circles on the plane of 

the projection. They do not, however, have a common center. In the illustration the ob. 

server's zenith is 40 degrees north of the equator. His horizon and almucantars are first 

shown as they appear on the celestial sphere (top). The stereo graphic projection has the 

property that circles on a sphere remain circles when they are projected onto a flat plane. 

In projection all the centers of the almucantars lie on the line (NS) that runs through both 

north pole and observer's zenith (bottom). Line is the projection of observer's meridian. 
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which like the rest of the astrolabe is 
usually made of brass. It overlies an un
perforated circular plate. The rete (from 
the Latin word meaning "net") is a rep
resentation of the heavens. The tips of 
small pointers mark the positions of the 
brightest stars, an off-center circle rep
resents the ecliptic, and there are also 
parts of three circles represent ing the 
celestial equator and the tropics of Can
cer and Capricorn. Through the center 
of the rete is a pin around which it can 
rotate. The pin, which also holds the al i
dade on the back, is kept in place by a 
wedge passing through a hole in the 
point of the pin. The thicker end of the 
wedge was traditionally in the form of 
a horse's head, and thus the wedge was 
often called "the horse." If any durable 
transparent material had been readily 
available at the time, the rete would 
probably have been made of it; anyone 
today who wanted to build a simple 
astrolabe could use a sheet of plastic to 
make the star map. 

The other principal part of the astro
labe is the plate under the rete. It is 
graduated with a series of circles and 
straight lines representing coordinate 
lines that are fixed with respect to a 
given observer. The center of the astro
labe, around which the rete turns, repre
sents the north celestial pole, around 
which the stars appear to turn. Concen
tric with it are the Tropic of Cancer, the 
celestial equator and the Tropic of Cap
ricorn. These circles can be represented 
hoth on the rete and on the plate below 
it. On the plate there is a line represent
ing the observer's horizon and a point 
for his zenith. There is a set of almucan
tars, or circles of constant altitude, above 
the horizon and encircling the zenith. 
There are also lines of constant azimuth, 
which appear as arcs of circles radi
ating from the zenith and running down 
to the horizon. 

Clearly the distance separating the 
pole and the observer's zenith on the 
astrolabe plate depends on the geo
graphic latitude of the observer. If he 
lived at the North Pole, the two points 
should coincide, whereas if he lived at 
the Equator, the two should be sepa
rated by whatever represents 90 degrees 
on the astrolabe plate. The necessity of 
having a different plate for every lat i
tude at which the instrument was to be 
used was always a source of chagr in to 
the astrolabist. He would have a plate 
for his own latitude, and he might have 
as many others as he was likely to need 
on his travels. 

Such plates were often called climates 
by an obvious extension of mean ing. An 
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astrolabe might have as many as four, 
five or even more climates, each plate 
being engraved on both sides and all 
being stacked in the mater, or main 
body, of the astrolabe. They fitted under 
the rete and were secured by the pin and 
horse [see illustration on page 97]. 
There were astrolabes that could be used 
at any latitude with a single plate, but 
they were not easy to use nor were they 
ever common. 

H ow are the stars and the coordinate 
lines on the celestial sphere 

mapped onto the rete and the climates? 
Suppose the observer was at the center 
of a large hemispherical dome on which 
the almucantars and the coordinate lines 
of constant azimuth were drawn at in
tervals of five or 10 degrees. Through 
this series of lines he would be able to 
see the stars of the night sky, which 
would move with respect to the lines be
cause of the daily rotation of the earth. 
If the observer were to take a long
exposure photograph, the pinpoints of 
starlight would trace out arcs of con
centric circles rotating around the north 
celestial pole. (In the true medieval 
manner we shall overlook the needs and 
prejudices of those living in the South
ern Hemisphere.) 

Just as it is possible to make a flat map 
of a terrestrial globe, so it is possible to 
map the two spheres introduced here: 
the fixed network of coordinate lines and 
the moving sphere of the sky. There are 
certain necessary practical requirements 
if the maps are going to be made of brass 
and are to serve at all times. If the two 
maps are to be arranged so that one piv
ots around a fixed point of the other, as 
with an astrolabe, then this point should 
be one of the poles, preferably the north 
pole if the instrument is to be used in 
the Northern Hemisphere. Furthermore, 
the projections of both maps should be 
alike for all positions of the rete and the 
plate with respect to each other; a map 
projection would be no good at all if it 
meant that the rete had to be distorted 
as it rotated. 

The stereographic projection was ad
mirably suited to the needs of the as
trolabist. It has the property that circles 
on a sphere remain circles when they 
are projected onto a flat plane, and that 
the angles between intersecting circles 
on the sphere remain unchanged when 
they are projected. Although there are 
reasons for suspecting that other con
ventions were used in earlier times, the 
convention that was almost universally 
followed with small astrolabes was to 
project stereo graphically from the south 
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STEREOGRAPHIC PROJECTION OF LINES OF EQUAL AZIMUTH is a series of great 

circles that stretch from the horizon to the zenith. Hence they cut the horizon circle, and 

the almucantars (not shown), at right angles (top). Angles between intersecting circles on 

a sphere remain unchanged when they are stereo graphically projected onto a flat plane. 

Therefore on the astrolabe plate the lines of equal azimuth will be arcs of circles that cut the 

lines of the horizon, and the almucantars (again not shown), at right angles. Most astrolabes 

show only the lines of equal azimuth that would appear above observer's horizon (bottom). 
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STEREOGRAPHIC PROJECTION OF HOUR ANGLES places the last set of coordinate 

lines on the plate of the astrolabe. The entire cycle of one day is divided into 24 hours. 

When the time was reckoned in unequal hours, as it is here, the period of daylight and the 

period of night, regardless of their duration, were both divided into 12 equal parts. Thus 

the hours of the day were not equal in length to the hours of the night. The hour lines were 

usually drawn only below the horizon line. Those portions of the concentric circles of the 

equator and the tropics are divided into 12 equal parts, beginning with the points of inter· 

section with the west horizon. Corresponding points are connected then with smooth curves. 
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pole of the celestial sphere onto the 
plane of the equator. A line was extend
ed from the south pole to the desired ob
ject on the celestial sphere; the point 
where this line intersected the plane of 
the projection was the location of the 
celestial object on the map. A series of 
such points was mapped to yield the 
coordinate lines. 

With this stereographic projection, 
the closer a southern star is to the south 
celestial pole, the farther it will be from 
the north celestial pole on the plane of 
the projection, that is, on the rete. The 
projection of the entire celestial sphere 
is infinite in extent. In practice the rete 
is almost invariably made only a little 
larger than is necessary to accommodate 
the Tropic of Capricorn. Stars on the 
rete are represented by the tips of brass 
pointers. In principle these could be 
bent after a time to allow for the preces
sional movement of the earth's axis (al
though such allowance is not worth 
bothering with over periods of half a 
century or less). The bending is more 
likely to happen by accident than by de
sign, however, and the pointers were 
usually made as rigid as possible. On the 
rete the circles of the tropics and the 
equator are not much needed, since they 
also appear on the plate below, and so 
they simply serve largely as supports for 
the star pointers. 

The equator and the tropics are at 
right angles to the axis of the projection. 
As a result they turn out in projection to 
be circles that are concentric with the 
rete and centered on the north pole (rep
resented by the pin). Moreover, if any 
degree graduations were to be put on 
the equator of the celestial sphere, they 
would lie uniformly on the projected 
equator. Neither of these properties be
longs to the most important circle on the 
rete, namely the ring that represents the 
ecliptic. The center of the ecliptic ring 
differs from the center of the equator 
and the tropics because the plane of the 
earth's equator is inclined at an angle of 
23Jf degrees with respect to the plane of 
the earth's orbit. Longitudes are mea
sured along the ecliptic from the vernal 
equinox, one of the two points where the 
ecliptic crosses the equator. This is the 
beginning of the sign of Aries; when the 
sun is at the "first point of Aries," day 
and night are of equal duration. 

At the vernal equinox the sun is pass
ing from south of the equator to the north 
and is heading through Aries into the 
sign of Taurus on its progression around 
the ecliptic. When it reaches its most 
northerly point of the eclipt ic at the 
summer solstice, 23Jf degrees north of 
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the equator, it leaves Gemini and passes 
into Cancer, hence the name of the 
tropic in the Northern Hemisphere at the 
latitude of +23)f degrees. As the sun 
continues its course along the ecliptic it 
eventually enters Libra as it again cross
es the equator, although this time it is 
passing from north to south. This it does 
at the autumnal equinox, when again 
day and night are of equal duration. The 
sun reaches the winter solstice as it en
ters Capricorn 23)f degrees south of the 
equator, hence the name of the tropic in 
the Southern Hemisphere at a latitude of 
-23)f degrees. The sun's annual path as 
a whole is indicated by the outermost 
rim of the ecliptic ring on the rete. 

I-loW is the ecliptic ring on the rete 
constructed? All that is needed is 

to plot the points of the summer and 
winter solstices [see illustration at right]. 
Since in the stereo graphic projection cir
cles remain circles on the map, these two 
points define the diameter of the ecliptic 
circle. The geometric center of the eclip
tic will lie midway between the two 
points. The ecliptic circle, when con
structed, will cross the equator at the 
points corresponding to the equinoxes. 
(It so happens that the geometric center 
of the ecliptic always falls at such a 
point that the angle made at the equi
noxes from the center of the ecliptic to 
the center of the rete is twice 23)f de
grees or, more precisely, twice whatever 
value is accepted for the angle the eclip
tic makes with respect to the equatorial 
plane.) 

The almucantars are drawn on the 
astrolabe plate below the rete in much 
the same way. The horizon of the ob
server is inclined to the celestial equator 
by 90 degrees minus the geographic lati
tude of the observer [see illustration on 
page 100]. To find the two points deter
mining each of the almucantars, it must 
be remembered that the almucantars are 
no longer great circles in planes passing 
through the center of the earth; they 
are small circles parallel to the horizon. 
When they are drawn, the result is a se
ries of circles around, but not concen
tric with, the observer's zenith. All their 
centers lie on the meridian. 

The lines of equal azimuth are much 
more difficult to construct. They are a 
series of great circles stretchin g from 
the horizon to the zenith, and cutting 
the horizon circle and the almucantars 
at right angles. Since the stereographic 
projection leaves angles unchanged, the 
lines of equal azimuth on the astrolabe 
plate will be arcs of circles that retain 
this property. In general, astrolabes 
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STEREOGRAPHIC PROJECTION OF THE ECLIPTIC is used for the retS' instead of for 

the astrolabe plate. The ecliptic is the apparent annual path of the sun on the celestial 

sphere as seen from the earth. The Equator of the earth is tipped at an angle of 23)f degrees 

from the plane of the ecliptic, so that this angle is preserved on the astrolabe rete. All that 

is needed to draw the ecliptic is to plot the point of the summer solstice on the Tropic of 

Cancer and the point of the winter solstice on the Tropic of Capricorn. These two points 

define the diameter of the ecliptic circle, whose center lies midway between. Ecliptic crosses 

equator at points corresponding to vernal equinox (first day of spring) and autumnal equi. 

nox (first day of fall). Ecliptic is divided into 12 signs of zodiac starting at the point rep

resenting vernal equinox. The lines dividing ecliptic radiate from tbe north celestial pole. 
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show only those parts of the lines of 
equal azimuth that appear above the 
observer's horizon [see illustration on 
page 101]. 

Before we tum to some uses of the 
astrolabe, what of its history? The theory 
of the stereo graphic projection can be 
traced back to one of the greatest of 
Greek astronomers, Hipparchus. He was 
born about 180 B.C. in Nicaea, not far 
from modern Istanbul, and he made ob
servations from Rhodes and Alexandria. 
Unfortunately most of what we know 
about him comes from secondary 
sources. One of the most important of 
these sources is the Alexandrian astrono
mer Ptolemy, who was writing some 
four centuries later. Ptolemy was per
haps the greatest astronomer of the an
cient world. His most important book, 
now known as the Almagest, makes no 
mention of the planispheric astrolabe. 
There are, however, references in his 
Planisphaerium to the "spider" of the 
"horoscopic instrument," suggesting that 
an instrument with something like the 
later form of the astrolabe was known in 
his day. The Planisphaerium is a treatise 
not on the astrolabe but on stereo graphic 

TROPIC OF CAPRICORN 

HOUR ANGLE LINES 

projection. It is known only from a Lat
in translation by Hermann of Carinthia 
(A.D. 1143). 

Other scholars besides Ptolemy refer 
to the astrolabe, but many of the ref

erences are cryptic. The oldest surviving 
account of the instrument's construction 
and use was written in the sixth century 
by John Philoponos of Alexandria. A 
century later Severus Sebokht wrote on 
the subject in the Syriac language. After 
this time the instrument became mod
erately well known, judging from the 
many different treatises devoted to it in 
both the Islamic world and the Chris
tian. Perhaps the first European treatise 
was one written by Hermann von 
Reichenau, or Hermann der Lahme (the 
Lame), a monk of Reichenau who died 
in 1054. 

Much better known in medieval 
Europe was a work originally written 
in Arabic by Masha'allah, who is be
lieved to have been an Egyptian Jew. It 
was translated into Latin by 1276, and 
it was the basis of the only good early 
treatise on the astrolabe in English, 
namely the one written a century later 
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COMPLETE ASTROLABE PLATE shows all the coordinate lines as they appear with re

spect to one another on a climate. This illustration is a composite of all the stereo graphic 

projections shown individually in the series of illustrations on pages 99, 100, 101 and 102. 
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by none other than Geoffrey Chaucer. 
His work, titled A Treatise on the As

trolabe, is dated about 1392. It survives 
in more than two dozen early manu
scripts. In some of them it has the sub
title Bread and Milk for Children. The 
subtitle was probably provided by a 
scribe who was surprised at Chaucer's 
opening remarks in a work that would 
have been generally regarded as hard
tack for adults. In a modern rendering 
the work begins: 

"Little Lewis my son, I well perceive 
signs of your ability to learn the sciences 
of number and proportion, and I also 
have in mind your earnest request es
pecially to learn the contents of the 
treatise on the astrolabe." Chaucer goes 
on to outline the contents of the treatise, 
which in fact seems never to have been 
completed. He explains the need for a 
work in English, and he mentions his 
debt to earlier astronomers. It is un
fortunate that his English is about as 
difficult for the ordinary modern reader 
as Latin was for Lewis. 

By the 16th century the advent of 
printing and the steady improvement in 
techniques of engraving for publication 
had given rise to a number of magnifi
cent new treatises on the astrolabe. 
These were in turn partly responsible for 
some striking advances in the art of the 
instrument maker. Astrolabes became 
larger, more decorative and more finely 
and accurately engraved. Nevertheless, 
allowing for differences in the language 
of the inscription, there was little or 
nothing about the typical astrolabe of 
the early 17th century that would not 
have been immediately familiar to an 
astrolabist of a thousand years earlier. 
The oldest surviving dated instrument is 
believed to date from A.D. 927/8. This 
particular astrolabe also carries a signa
ture that is difficult to decipher, but 
which could be an Arabic form of a 
Greek name (Bastulos or Nastulos). 

Before the end of the 13th century 
the planispheric astrolabe was known 
and used from India in the east to Is
lamic Spain in the west, and from the 
Tropics to northern Britain and Scandi
navia. Variations in the general style of 
decoration are usually characteristic of 
the country and period of origin. The 
star pointers of the earliest retes, for in
stance, are usually of a simple dagger 
shape engraved only with the name of 
the star. At the other extreme later Indo
Persian astrolabists would often work 
the rete into an intricate and highly sym
metrical foliate pattern, a difficult thing 
to do with what is essentially a star map 
having an asymmetrical natural arrange-
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ment. Astrolabe makers throughout the 
eastern world often damascened their in
struments with silver and gold. It is in
teresting to trace from their surviving 
signed work successive generations of 
the same family. The family might all, 
for example, have worked at a center 
such as Lahore, and thus perhaps have 
had connections with the Mogul court. 
Persian instruments tended to be ex
tremely ornate, filled with fine orna
mental engraving. 

In the West the style of the rete is usu-
ally reminiscent of contemporaneous 

styles of church architecture. The style 
of written inscription is similar to the 
style of Western manuscripts in general, 
and is highly characteristic of the period 
in which it was done. There is good evi
dence that many astronomers the world 
over made their own instruments, al
though there was scarcely any important 
center of learning that did not at one 
time or another have its specialist work
shops turning out instruments profes
sionally. European instruments were 
rarely signed with the maker's name dur
ing the Middle Ages, a time when ano
nymity was considered no vice. By the 
16th century European astrolabes were 
often signed. 

The physical size of most astrolabes 
is between three and 18 inches, al
though much larger ones are found in a 
number of rather different forms as the 
dials of astronomical clocks. The use of 
the astrolabe as a clock dial goes back to 
classical antiquity, when the rete was 
made to rotate once daily by waterpow
er. After the invention of the purely 
mechanical escapement at the end of the 
13th century, astronomical clocks were 
to be found in most large European ca
thedrals. In a typical arrangement the 
star map and the map of coordinate lines 
of the conventional astrolabe change 
places, the coordinate lines being made 
into the rete and the stars being painted 
on a plate behind it. Usually the stars 
were made to rotate and the rete was 
fixed, but sometimes these roles were 
reversed. A model of the sun is occa
sionally found on the ecliptic of the star 
map; it is moved along the ecliptic man
ually, or by a mechanism, so that it com
pletes one circuit of the ecliptic in a 
year. In order to judge the time from 
such a dial one must be familiar with at 
least the basic principles of the use of the 
astrolabe. 

The chief purpose of the astrolabe 
was for telling the time. First the alti
tude of the sun or of a star was found by 
employing it as an observing instrument. 

BACK OF THE ASTROLABE carries the alidade and other information necessary to the 

observer. Around the rim of the example shown is a scale of degrees for measuring the al· 

titude of a celestial body with the alidade. Immediately inside the rim the 12 signs of the 

zodiac are listed and divided into 30 degrees each. The scale ot the months and the days 

inside the zodiac scale correlates the position of the sun on the ecliptic with the correct 

date. It is not concentric with the other circles to allow for the sun's nonuniform motion 

along the ecliptic. The design of the interior portion of the astrolabe back varies widely 

with the individual instrument. Here the quadrant at upper left contains horizontal lines 

from the degree markings; their distances from the horizontal diameter of the astrolabe cor· 

respond to the sine of the altitude of an object above the horizon. The quadrant at upper 

right contains lines for computing the time in unequal hours directly, independently of the 

front of the astrolabe. These lines are used in conjunction with the graduations on the ali. 

dade. The two quadrants at bottom contain the "shadow squares." These could have been 

used in conjunction with a gnomon to get the cotangent or the tangent of the altitude of an 

object above the horizon. If they were accurately and completely divided, which they rarely 

were, they provided a means of measuring altitudes more precise than sighting with alidade. 

Then, assuming that the observer knew 
where the sun or the star was on the 
rete, the rete was revolved until that 
point coincided with the almucantar for 
the appropriate altitude. (It is assumed 
that the observer knew which climate to 
choose for his latitude and on which side 
of the meridian line the object fell.) The 
refraction of the atmosphere, which 
changes the apparent position of objects 
in the sky, and which is greater the near
er they are to the horizon, was ignored. 
The sun's approximate position on the 

ecliptic for any day of the year is found 
from the calendar scale on the back of 
the astrolabe. 

Once the rete is in the correct position, 
the observer can find his local time 

according to anyone of several conven
tions. If the circumference of the astro
labe is marked in degrees, 15 degrees 
correspond to an hour. Noon will be 
when the sun is toward the top of the 
instrument, midnight when it is toward 
the bottom, 6:00 A.M. when it is to the 
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left and 6:00 P.M. when it is to the right. 
Imagine now a great circle joining some 
object in the sky to the north celestial 
pole. The angle that this great circle 
makes with the meridian is the hour 
angle of the object. As a consequence of 
the stereo graphic projection, a rule lying 
on a line passing through the center of 
the astrolabe and the point of the instru
ment representing the object makes an 
angle with the vertical diameter (the 
meridian line) equal to the hour angle of 
the object. The hour angle is so named 
because it can provide one with a mea
sure of time through its change as the 
earth rotates. It is usually quoted in 
hours, minutes and seconds rather than 
in degrees of arc. 

A number of different kinds of time 
can be told from an astrolabe. The first 
is sidereal time, or time by the stars, 
which is defined as the hour angle of the 
first point of Aries. If the day is counted 
from zero hours to 24 hours beginning at 
midnight, 12 hours will have to be add
ed to the count for sidereal time, be
cause at the vernal equinox the first 
point of Aries (which is at that time the 
position of the sun) will cross the me
ridian at local noon. 

A second kind of time is true solar 

li'i •• iji,iilii.11 time: the hour angle of the sun re-

I gardless of its position with respect to 
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the stars. There is another and more fa
miliar type of solar time called mean 
solar time, which postulates a "mean 
sun" moving around the equator (rather 
than the ecliptic) at a uniform rate 
throughout the year, and making one 
complete circuit in exactly a year like 
the true sun. The earth moves around 
the sun in an ellipse with the sun at one 
focus, and it travels faster in its orbit the 
closer it is to the sun. Therefore from 
the earth the true sun seems to speed up 
and slow down in its course around the 
ecliptic. Thus the true sun and the mean 
sun move not only along different paths 
but also at different rates. In order to 
convert from observed true solar time to 
the more useful mean solar time, one 
must apply a correction known as the 
equation of time. It is based on knowl
edge of the earth's motion in its orbit and 
it can be found in reference books. The 
correction for the equation of time was 
scarcely ever applied before the 17th 
century. In order to convert mean solar 
time to the local time at some standard 
location such as Greenwich, the observer 
needs to know his geographic longitude, 
and again that adjustment was seldom 
made. 

A third kind of time is time measured 

in unequal hours. The ordinary man in 
the Middle Ages divided the period of 
daylight into 12 equal parts and the pe
riod of night into 12 equal parts regard
less of the actual length of day and 
night. The length of the day-hours would 
obviously equal the length of the night
hours only when the sun was at one of 
the equinoxes. Many astrolabe plates in
clude unequal-hour lines. In order to 
avoid their being confused with the al
mucantars, the unequal-hour lines were 
drawn only below the horizon line [see 
illustration on page 102]. 

Time in the Middle Ages was often 
reckoned from sunrise or sunset even 
when measured in ordinary equal hours. 
Many astrolabe plates show lines similar 
in appearance to the lines of unequal 
hours but which are in fact for measur
ing the time in equal hours from sunrise 
or sunset. 

Although the astrolabe was primarily 
an instrument for determining the time, 
it was an extremely useful adjunct of the 
astrologer's art. To cast a horoscope for 
a particular moment of time, an astrolo
ger needs to know the degree of the 
ecliptic that is on the eastern horizon 
("the ascendent"), the degree of the 
ecliptic that is on the western horizon 
("the descendent"), the degree of the 
ecliptic where it crosses the meridian 
("the degree of mid-heaven") and the 
degree of the ecliptic where it crosses 
the northward continuation of the me
ridian, once called the midnight line 
("lower mid-heaven"). These degrees are 
easily read off the ecliptic ring once the 
rete is correctly positioned for the mo
ment of time that is of interest: perhaps 
a moment of conception, of birth, of 
death or of some other important event 
such as a coronation. Once the four key 
points of the horoscope have been 
found, the 12 astrological houses (which 
are not to be confused with the signs) 
can be ascertained and the planets can 
be assigned to them. There are, how
ever, many systems by which the divi
sion can be made. These can be found 
in Chaucer's treatise on the astrolabe. 

Be a modern electronic computer, the 
astrolabe in the Middle Ages was a 

source of astonishment and amusement, 
of annoyance and incomprehension. Im
precise as the astrolabe may have been 
in practice, it was undoubtedly useful, 
above all in judging the time. The in
strument might have been used, more 
often than not, in the dark, but "dark" 
is hardly the word to describe the age 
in which it was so widely known and so 
well understood. 
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AN EASY WAY m CHANGE JOBS! 
'My system is simple, straight forward and quick - but it works. 
Do it right and I guarantee the highest earnings of your career!' 

I've got something that can help you 
earn a great new living and perhaps even 
make you rich ! 

Now, I know this seems hard to be
lieve, but I can also prove it to you ! 

I say this because I've got letters from 
thousands of satisfied customers, _ _  . .  
and a product which has been praised by 
1 50 leading media ! 

What's more, at $10, it's an incredible 
bargain , and I'll even give it to you 
without asking you to risk one penny! 

However, first let me tell you what I 
have. 

I've got a copyrighted job changing 
system that you can use to move up in 
your fiel d, or out to another field , but 
at significantly higher earnings . 

It took myself and five other profes
sionals two years and $250 ,000 to de
velop-b u t  it works! 

Furthermore , it doesn't require "gen
ius" and it doesn't require "luck." All 
you have to do is put it into action. 

The reason we developed it was be
cause with 84 million employed, and 
1 5  million circulating resumes each year, 
this area was ready for some revolution
ary ideas: 

We knew more people than ever 
owned prestige cars & yachts ,  summer 
hbmes and international retreats , as well 
as having securities,  real estate holdings 
and lots of cash in the bank . 

In short , many people in the U.S. are 
living good lives ! 

At the same time , however , the great 
majority have no excess cash , little job 
security, and are frequently restless, 
bored with their jobs,  commuting long 
hours , and harrassed by inflation ! 

We asked ourselves how do people get 
to live the "good life"?  

Well, we found that most successful 
people were there because they never 
wasted time in dead-end situations!  

What these people did was to make 
crucial job changes , and parlay their 
higher earnings into small fortunes ! 

Take a look at the economics ! 
Do you realize that if you were to 

change jobs every 4 years , at an ave rage 
annual increase of $4,000, and then put 
the increases in the bank at 6%,-that in 
20 years you'd accumulate an extra half 
million dollars! 

Getting raises is one thing, but get
ting significant increases b ecause of job 
changes is a very important source for 
wealth! 

The next question then,  is how can 
you easily change jobs? This is where the 
unique system we've developed fits in. 

Our system can work for anyone 
from $8 ,000 to $80,000. Do it right an d 
you'll gain higher earnings , lifelong job 
security, but most of all , everlas ting self 
confidence ! 

This is because once you've used it,  
you'll know you can always get a new 
job ,-quickiy and pre dictably . 

Perhaps you're wondering why our 
system works? Well, it works because it's 
a comple tely differe n t  approach, b ased 
on totally new concepts . 

But ,  also because it's sim ple , practical, 
and self-tailoring. You could start next 
week-and do it witho u t  strain, co nfU 
sion or worry. 

But .  there is one catc h !  You won 't b e  
a success i f  y o u  use old  methods for 
dealing with recruiters & agencies, for 
answering ads & sending out letters, for 
handling interviews & negotia ting salary 

To make more money without a hassle , 
you'll have to be willing to change . You 'll 
also have to follow our system,  have an 
open mind & have faith in yourself. 

However , do this and a b e t ter life will 
be yours ! 

With our system , whatever you seek
a better job , a new caree r ,  higher pay , 
more satisfaction ,-I believe n o th ing can 
stop your su ccess! 

Not age , sex , education , or even low 
earnings or past workin g history . 

Personnel Magazine sai d we have a 
"break through. " 

Business Week devoted a full page 
article and called it "indispensab le. " 

The National Public Accountant even 
said it was "capable of ca tapU lting any 
average person in to a positio n offering 
much greater rewards. " 

However, your best proof of our sys
tem is that we've already received thou
sands of letters from grate ful customers. 

Letters like one from a gentleman in 
Arizona who wrote ,  "In 4 weeks I chang
ed jobs and raised my salary 33%! I wish 

I had it 1 0  years ago ! "  
Another man from New York said "I 

used one of your le tters, sen t  24 ou t, 
and got 1 3  interviews and 3 job offers! " 

Still another from California said "In 
just 1 1  days I received an offer of $ 7, 000 
more! " 

I know this sounds almost too easy 
and I can't promise that you will do as 
well . But , then again you may do better !  

Even the largest b usiness magazine in 
the U.S . ,  Nation's Business, said our 
system was "in credib ly effective. " 

Now, if you 're serious about wanting 
to move up, then I know that our system 
is something you've got to have ! 

In fact ,  I 'm so convinced that you'll 
agree that it's worth hundreds of times 
the cost, that I'll make sure you have 
nothing to los e .  

First of all , when your order arrives, 
we'll ship within 24 hours. No delays ! 

Secondly , you can examine our sys
tem for 1 0 days.  

Third ,if at  the end of that time you are 
dissatisfied, return it , & 1  personally guar
antee your 1 00% refund will be mailed in 
3 working days-with no questions asked ! 

To let me prove everything I've said, 
and to take advantage of this nothing-to
lose o ffer,  just fill in and mail me the 
coupon below . 
r - - - - - - - - - - - - - - --
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MATHEMATICAL GAMES 
The combinatorial basis of the "/ Ching/, 
the Chinese book of divination and wisdom 

bv :\[urtin Gardner 

T
he 1 Ching (pronounced Ije iing), 
or Book of Changes, is one of the 
world's oldest books and also one 

of the most enigmatic. For more than 
2,000 years it has been used in the East 
as a book of divination and it still is 
studied with awesome reverence as a 
rich source of Confucian and Taoist wis
dom. Tens of thousands of young people 
in the U.S. (particularly in California), 
caught up in the current occult explo
sion and eager to know more about East
ern mysticism and early Chinese history, 
are now consulting the I Ching as seri
ously as they consult the Ouija board or 
the tarot cards. C. G. Jung was con
vinced of the I Ching's extraordinary 
power to foretell the future; he even 
asked it about the prospects of American 
sales of a new English translation of itself 
and got an optimistic answer. More 
recent pundits who are deep into occult
ism-Colin 'Vilson, for example-have 
written about their experiences with the 
l Ching's terrifying oracular accuracy. 

The early history of the I Ching is 
unknown. Most likely it began as early 
as the eighth century B.C. as a collection 
of peasant omen-texts, then slowly over 
the centuries these documents became 
combined with stick divination practices. 
A few centuries before Christ, near the 
end of the Chou dynasty, it acquired its 
present form and became one of the five 
great classics of the Confucian canon. 

The combinatorial foundation of the 
l Ching consists of 64 hexagrams. They 
display every possible permutation of 
two types of line when taken six at a 
time. Each hexagram has a traditional 
Chinese name. The two kinds of line 
proclaim the basic duality of Chinese 
metaphysics: the broken line corre
sponds to yin, the unbroken line to yang. 
Taking the lines two at a time, there 
are 2" = 4 ways to comhine them into 
what are called digrams and 2H = 8 ways 
to form trigrams. The trigrams, with 
their Chinese names and symbolic mean-
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ings, are shown in the illustration on 
page 1l0. 

There are two ancient ways of dis
playing the eight trigrams in a circle. 
The oldest, known as the Fu Hsi ar
rangement after the mythical founder of 
China's first dynasty (the Hsia dynasty, 
2205-1766 B.C.) , is shown at the left in 
the bottom illustration on page III and 
also on the cover of this issue. Note that 
opposite pairs are complementary both 
in symbolic meaning and in the mathe
matical sense that each is obtained from 
the other by replacing yin lines with 
yang and yang lines with yin. This ar
rangement, usually surrounding the fa
miliar yin-yang symbol, is still widely 
used throughout China, Japan and Ko
rea as a good-luck charm to put over 
doorways and on jewelry. It is also 
called the "earlier heaven" or "primal 
arrangement." The King Wen arrange
ment (after the legendary father of the 
founder of the Chou dynasty), shown at 
the right in the bottom illustration on 
page III (also called the "later heaven" 
or "inner-world arrangement"), aban
dons the complementary positioning of 
the Fu Hsi sequence, so that the trigrams 
at the cardinal points of the compass 
symbolize the seasons in cyclic order. 
Starting at south (traditionally shown at 
the top) and going clockwise, the hexa
grams at the cardinal points stand for 
summer, fall, winter and spring. 

The oldest way of arranging the 64 
hexagrams, which are known as the 
King Wen sequence, is the order in 
which they appear in the I Ching [see 
illustration on opposite page]. The rows 
are taken from right to left as the num
bering indicates. Note that the hexa
grams are paired in a singular way. 
Each odd-numbered hexagram is fol
lowed by a hexagram that is either its 
inverse or its complement. If the odd 
hexagram has twofold symmetry (is the 
same upside down), it is complemented 
to produce the next hexagram. If it lacks 
twofold symmetry, it is inverted. 

Is there any kind of mathematical or
der that determines the sequence in 
which the hexagram pairs follow one 
another? This is an unsolved problem. 

From time to time a student of the I 
Ching announces his discovery of a 
mathematical scheme underlying the ar
rangement of pairs, but on closer in
spection it hlrns out that so many arbi
trary assumptions are made that in effect 
the order must be assumed before it 
emerges from the analysis. As far as any
one knows, the pairs of the King Wen 
sequence are in random order, and there 
is no known basis for determining which 
member of a pair precedes the other. 

Not until the llth century did Chi
nese scholars discover a very simple and 
elegant way to order the hexagrams. 
This arrangement is attributed to Fu Hsi 
[see top illustration on page 111]. The 
white space at the bottom represents the 
t' ai chi, the state of the universe when 
it was "without form, and void" (as Gen
esis 1:2 puts it). This undifferentiated 
chaos divides into the yin (colored) and 
yang (black) halves of the row labeled 
1. In row 2 we see the yin dividing into 
yin and yang, and similarly the yang. 
These binary divisions continue upward 
for six steps. 

The chart now automatically gives all 
the polygrams of orders 1 through 6. Di
vide rows 1 and 2 vertically into four 
equal parts, replace the color in each 
part with broken (yin) lines and you 
have the four digrams. Rows 1, 2 and 3, 
divided vertically into eight equal parts, 
give the eight trigrams. Rows 1, 2, 3 and 
4, in 16 parts, give the 16 tetra grams, 
rows 1, 2, 3, 4 and 5, in 32 parts, give 
the 32 pentagrams, and rows 1, 2, 3, 4, 
5 and 6, in 64 parts, give the .64 hexa
grams. The illustration on page ll2 
shows the hexagrams in their traditional 
Fu Hsi, or "natural," order. Taking them 
from right to left, starting at the bottom 
row, the hexagrams correspond to those 
provided by the Fu J-Tsi chart when read 
from left to right. 

We are now ready to understand why 
Leibniz, who thought he had invented 
the binary system in the late 17th cen
tury, was so staggered when he first 
learned of the Fu Hsi sequence from 
Father Joachim Bouvet, a Jesuit mission
ary in China. Substitute 0 for each 
unbroken line, 1 for each broken line, 
then take the hexagrams in order, read
ing upward on each, and you get the 
sequence 000000, 000001, 000010, 
00001l, . . .  , llllll. It is none other 
th?n the counting numbers from 0 
through 63 expressed in binary notation! 

Both Leibniz and Father Bouvet were 
convinced that Fu Hsi, smitten by divine 
inspiration, had discovered binary arith
metic, but there is not the slightest evi
dence for this. The llth-century I Ching 
scholars had done no more than discover 
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8 6 4 

- -

FU PO PI SHIH HO KUAN LIN KU SUI 

32 31 30 29 28 27 26 25 
- - -- -

- -

- -

- - - -

HENG HSIEN LI K ' AN TA KUO TA CH'U WU WANG 

40 39 38 37 36 35 34 33 

HSIEH CHIEN K'UEI CHIA JEN MING I CHIN TA CHUANG TUN 

48 47 46 45 44 43 42 41 
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a natural way to arrange the hexagrams. 
It was not until the time of Leibniz that 
the Fu Hsi sequence was recognized as 
being isomorphic with a useful arith
metical notation. 

Since the powers of 2 turn up every
where in mathematical and physical 
structures, it is not surprising that Chi
nese scholars have been able to apply 
the 64 hexagrams to almost everything, 
from crystal structures to the solar sys
tem and the cosmos. Z. D. Sung, in his 
amusing little book The Symbols of Yi 
King (Shanghai, The China Modern 
Education Company, 1934), tells how 
he was rotating a matchbox in his hand 
one day (to simulate the earth's rotation 
as it goes around the sun) when he sud
denly perceived a natural way to gener
ate the eight trigrams at the corners of a 
cube. 

Let the three Cartesian coordinates 
of a unit cube, x, y, z, indicate the first, 
second and third digits of a three-digit 
binary number. Label the corner where 
the coordinates originate with 000. The 
other corners are labeled with three-digit 
binary numbers for 0 through 7, with 
o and 1 indicating the distance of the 
corner from the origin in each coordinate 

TRIGRAM NAME 

---
- CH IEN 
-

- -
- - K UN 
- -

--
- - CHEN 
-

--
- K AN 

- -

-
- - KEN 

- -

-
- SUN 
- -

-
- - II 

---

--
--- TUI 
-
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direction. The eight numbers corre
spond, of course, to the eight trigrams, 
with complementary trigrams at dia
metrically opposite corners of the cube 
[see illustration on page 113). By a sim
ilar procedure corners of unit hyper
cubes generate the higher-order poly
grams. The 64 hexagrams correspond to 
six-digit binary numbers at the corners 
of a six-dimensional hypercube. 

Instead of plunging into higher di
mensions, Sung divides the cube into 64 
smaller cubes that he identifies with the 
64 "moods" of the classical syllogism. 
(The major premise, the minor premise 
and the conclusion of a syllogism can 
each be of four different forms, giving 
64 possible moods.) Sung was probably 
unaware that this had been done earlier 
by C. Howard Hinton in his 1904 book 
The Fourth Dimension (pages 90-106). 
Hinton takes a curious step into hyper
space. By considering the four "figures" 
of each syllogism (an ancient division 
based on the ordering of the subject, 
predicate and middle terms), he obtains 
256 varieties that he identifies with the 
256 cells of a 4-by-4-by-4-by-4 hyper
cube. Cells corresponding to tradition
ally valid syllogisms are colored black, 

then the hypercube is projected onto an 
ordinary 4-by-4-by-4 cube. The black 
cells are seen to be symmetrically dis
posed around one corner of the cube ex
cept for one cell that should be black but 
is not. This led Hinton to the discovery 
that the anomalous syllogism is valid 
after all if one applies a more liberal in
terpretation to syllogisms, one in which 
the predicate is quantified as well as the 
subjcct. 

But we have strayed from the I Ching. 
The book (aside from its "Ten Wings," 
which are appendixes by Confucian 
metaphysicians) consists essentially of 
the 64 hexagrams, each followed by a 
brief explanation of the symbol and �ix 
"appended judgments." If the book is to 
be used as an oracle, one of the hexa
grams must be randomly selected, and 
this must be done in such a way that the 
rules tell how to transform the chosen 
hexagram to a second one. 

The oldest sclection procedure, still 
followed by those who take the I Ching 
the most seriously, calls for 50 yarrow 
stalks, each one to two feet long. If yar
row stalks are not obtainable, 50 thin 
wooden sticks will serve. They should 
be kept in a lidded receptacle at a spot 
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not lower than a man's shoulders. The 
I Ching, carefully wrapped in clean silk, 
is kept alongside the sticks. 

The book must never be consulted 
lightly. If you ask it something frivolous 
or in a skeptical mood, the book gives 
frivolous or meaningless answers. One 
should be completely relaxed, physically 
and mentally. It is essential to think of 
nothing, throughout the ceremony, other 
than the question being asked. 

Let us assume that you are asking the 
I Ching a question and also casting the 
sticks. Your first step is to unwrap the 
book, spread the silk on a table and place 
the book on top. (The cloth protects the 
I Ching from impure surfaces.) An in
cense burner and the receptacle contain
ing the sticks are placed beside the book. 
With your back to the south, make three 
kowtows, touching your forehead to the 
ground; then, still kneeling, pass the 50 
sticks three times through the incense 
smoke by holding them horizontally and 
moving your hand in a clockwise circle. 
Return one stick to its container. It plays 
no further role in the ceremony. 

Put the 49 sticks on the cloth, then 
with your right hand quickly divide them 
randomly into two piles. Call the left 
pile A, the other B. Take a stick from B 
and put it between the last two fingers 
of your left hand. With your right hand, 
push away four sticks at a time from 
pile A until one, two, three or four sticks 
remain. Place those sticks between your 
left second and third fingers. Next di
minish pile B by pushing away four 
sticks at a time until one, two, three or 
four sticks remain. Place these between 
your left Rrst and second fingers. (This 
last step can be shortened. Because the 
sum of the two remainders must be 0, 
modulo 4, the second remainder is easily 
calculated from the Rrst.) Your left hand 
now holds either five or nine sticks. (The 
possible combinations are 1, 1,3; 1,2,2; 
1, 3, 1, and 1,4,4.) Put all these sticks to 
one side. 

The remaining sticks are bunched to
gether and exactly the same dividing 
procedure is repeated with them, be
ginning with the random division into 
two piles. At the finish your left hand 
will hold either four or eight sticks. (The 
possible combinations are 1, 1,2; 1,2, 1; 
1, 3, 4, and 1, 4, 3. ) Place them aside, 
next to the group put aside previously. 

Bunch the remaining sticks and re
peat the dividing procedure a third 
time. Your left hand again will hold ei
ther four or eight sticks. Put them aside, 
next to the two groups already there. 

The number of sticks that now remain 
will be either 24, 28, 32 or 36. Count 
them by groups of four (that is, divide 
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How six yin-yang divisions generate the 64 hexagrams 

the total number by 4). The quotient 
will be 6, 7, 8 or 9. These four digits are 
the ritual numbers, which indicate the 
character of the bottom line of the hexa
gram. If the digit is even (6 or 8), the 
line is yin (broken); if it is odd (7 or 9), 
the line is yang (unbroken). But the rit
ual numbers tell you more. Seven and 8 
mean that the line (whether yin or yang) 
is a stable line that cannot be altered. 
Six and 9 indicate a "moving" line that 
can be changed (for reasons soon to be 
explained) to its opposite. 

All 49 sticks are now bunched to
gether and the entire ritual is repeated 
to obtain the hexagram's second line 
from the bottom. Four more repetitions 
give the remaining four lines. The en
tire ceremony, performed without haste, 
takes about 20 minutes. 

Look up the chosen hexagram in the 
I Ching and study its accompanying 
text carefully. The text will answer your 
question and give counsel with refer
ence to the present situation. If all six 
lines of the hexa gram are stable, that is 
the end of the matter. But if one line or 
more are moving, change them to their 
opposites and look up the new hexa
gram. The commentary will pertain to 
what you can expect in the future if you 

s 

/ 

��� /�, 
CHIEN 

'\ 'V 

E I: I � 

A I II l> 
I I W z 

1- :-l-� , 0 �'?-// " 
Nn>l 

/// , 

N 

follow the counsel of the first hexagram. 
After the one or two hexagrams have 

been written down and the relevant pas
sages in the I Ching have been read and 
meditated on, light another stick of in
cense, make three more kowtows of 
gratitude, put the sticks back in their 
box, rewrap the I Ching in its silk, then 
put book and sticks back in their usual 
high place. 

Those too lazy to go through the an
cient stick ritual can use a simpler meth
od of casting that has been popular in 
China for several centuries. It calls for 
six identical coins, preferably old Chi
nese coins with square holes. They 
should be kept polished and should nev
er be removed from their container ex
cept when the I Ching is being consult
ed. Obselve the same beginning ritual 
followed for the sticks: kowtowing, 
kneeling, passing the coins through the 
incense and so on. Shake the -coins in 
your cupped hands and let them drop 
simultaneously to the cloth. Having 
previously decided on which sides of the 
coins are yin and which yang, consult the 
following chart to determine whether 
the throw gives you 6, 7, 8 or 9. 

Three yins = 6 (a moving yin line). 
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Fu Hsi arrangement of trigrams (left) and King Wen arrangement (right) 
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63 62 61 60 59 58 

55 54 53 52 51 50 

47 46 45 44 43 42 

39 38 37 36 35 34 

31 30 29 28 27 26 

23 22 21 20 19 18 

15 14 13 12 11 10 

6 5 4 3 2 

The Fu Hsi sequence that corresponds to binary numbers 0 through 63 
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Two yins, one yang = 7(static yin line}. 
Two yangs, one yin = 8 (static yang 

line). 
Three yangs = 9 (moving yang line). 

(If one thinks of the yin side as 2 and 
the yang side as 3, the sum of the three 
values will be the desired ritual number.) 

Working out the probabilities provid
ed by the stick and coin procedures re
veals a subtle difference between the 
two divination methods. As far as pick
ing the initial hexagram is concerned, 
the methods are virtually the same, but 
the probabilities are not the same in 
choosing the second hexagram. It is not 
hard to show that in both procedures the 
probability of choosing a broken line at 
each of the six steps is 1/2: the same as 
that of choosing an unbroken line. (This 
assumes that each time the sticks are 
randomly divided into piles A and Band 
A is reduced to one, two, three or four 
sticks, the probabilities for each of the 
four outcomes are equal. This is not 
strictly true, but the deviations from 
equality are so slight that they have a 
negligible effect on the final results.) 
Thus any hexagram has the same prob
ability of being selected as any other. 
The two procedures are also alike in giv
ing a probability of 1/4 that a given line 
will be moving. Since there are six lines, 
6/4, or ll�, lines of a hexagram, on the 
average, will be moving. 

When coins are used, the probability 
that a broken line will change is the 
same (1/4) as the probability that an un
broken line will change, and similarly 
the probability is 3/4 that each type of 
line will remain stable. But when sticks 
are used, this is not the case. The prob
ability that a broken line will change is 
1/16 as compared to 3/16 for an un
broken line (or respective probabilities 
of 7/16 versus 5/16 that the lines will 
remain stable). In other words, when 
sticks are cast, it is three times more like
ly that an unbroken line will change than 
a broken one. It is true that any hexa
gram is as likely to be chosen first as any 
other, but the more broken lines a hexa
gram has, the more likely it is that it will 
appear as the second hexagram. Purists 
who object to coin-casting have sound 
mathematical support. Not only does the 
stick ritual discourage frivolous consul
tation but also its asymmetry produces 
a more interesting set of probabilities. 
We shall say nothing about such im
pious corruptions as the practice of ob
taining the ritual numbers from dollar 
bills, license plates, telephone numbers 
and so on. 

To readers who may wish to experi
ment with the I Ching, my first recom-
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Trigrams gtnerated by a cube 

mendation is the Richard Wilhelm and 
C. F. Baynes translation, rendered into 
English from the German. It is currently 
in print as a Princeton University Press 
hardcover. Two good paperback transla
tions are also available: one by James 
Legge (Dover) and one by John Blofeld 
(Dutton). 

The Wilhelm-Baynes volume includes 
the famous foreword by Jung in which 
he explains the oracular power of the 
I Ching by his theory of "synchronicity," 
a theory defended by Arthur Koestler in 
his recent book The Roots of Coinci
dence. According to Jung, the I Ching's 
predictions, and relevant events that ac
tually happen, are not causally linked in 
the Western scientific sense. They are 
"acausally" related in the Eastern meta
physical sense of being parts of a vast 
cosmic design that lies beyond the reach 
of science but is partially accessible to 
the subconscious mind of the person who 
casts the sticks. The 64 hexagrams and 
their meanings are Jungian archetypes, 
deeply engraved on the collective un
conscious of humanity. 

Tough-minded skeptics who test the 
I Ching realize at once why the book 
seems to work. The text is so ambiguous 
that, no matter what hexagrams are se
lected, it is always possible to interpret 
them so that they seem to apply to the 
question. Indeed, the scope for intuitive 

interpretation is so great that in China 
before Mao (I do not know how it is 
today) there was a large class of profes
sional I Ching interpreters whose ser
vices were available for a fee on street 
corners, at fairs and in marketplaces. 
Surely one reason for the popularity of 
coin-casting was that it maximized the 
profits of these fortune-tellers by speed
ing up their readings. 

And if the I Ching's predictions fail 
to materialize? Well, perhaps the text 
was not correctly interpreted, or maybe 
you were not in the right frame of mind 
when you were tossing the sticks or 
coins. Besides, the future is not com
pletely determined. The I Ching, like 
the stars of astrology, does no more than 
indicate probable trends. 

Tender-minded believers in the oc
cult, who have not yet consulted the 
I Ching and who long for powerful, mys
terious magic, are hereby forewarned. 
This ancient book's advice can be far 
more shattering psychologically than the 
advice of any mere astrologer, palmist, 
crystal gazer or tea-leaf reader. 

est month's problem was to express 
100 as the sum of three cubes, al

lowing each cube to be positive or nega
tive. The three known solutions are 73 -
63 - 33, 1903 - 1613 - 1393 and 
1,8703 - 1,7973 - 9033. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

P
ictures of regional cloud cover 
made by weather satellites have 
become familiar to television audi

ences in metropolitan areas of the U.S. 
as a regular feature of the evening news. 
The same pictures are captured else
where and at more frequent intervals by 
radio hams, amateur weather observers 

Weather-satellite pictures 

are picked up in the home 

and a growing number of other enthu
siasts. An apparatus for receiving satel
lite pictures of cloud cover can be as
sembled by an enterprising beginner for 
about the cost of a moderately priced 
television set. A typical installation is op
erated by Eugene F. Ruperta, Box 166, 
R.F.D. No. 1, West Alexander, Pa. 
15376. Explaining how one of the more 
highly developed weather satellites 
broadcasts its signals and how the ama
teur can make an apparatus to receive 
them, Ruperta writes: 

"After three years of operating a 
weather-satellite recorder I still get a 
thrill out of snapping a few switches in 

the hills southwest of Pittsburgh and re
ceiving from space a picture of Hudson 
Bay or a tropical storm approaching the 
coast of Yucatan. Building the station 
has renewed my interest in the weather 
and also has introduced me to the study 
of satellites. Most interesting, however, 
is the final result: a cloud-cover picture 
of my immediate area from a spacecraft 
that passed my way only minutes before. 

"My apparatus monitors two polar
orbiting weather satellites, ESSA-8 and 
NOAA-2. The first was launched by the 
Environmental Science Services Admin
istration in 1968. It is now approaching 
the end of its useful life, although it con-

Satellite picture of Great Lakes cloud cover obtained by Eugene F. Ruperto's apparatus 
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tinues to transmit clear signals. The sec
ond satellite, NOAA-2, was launched in 
1972 after the agency had been re
named the National Oceanic and Atmo
spheric Administration. 

"NOAA-2 transmits continuous weath
er data on a frequency of 137.5 mega
hertz to all parts of the earth. Both 
ESSA-8 and NOAA-2 make a complete 
orbit every 115 minutes. The following 
discussion is based on the more techni
cally advanced NOAA-2, which should 
continue to operate for some years. In its 
polar orbit it swings close to the North 
Pole, then moves south across the Equa
tor and finally, having traversed Antarc
tica, returns north for the next orbit. 

"The vehicle carries a reRecting tele
scope, the optical axis of which remains 
tangent to the earth's surface and point
ed in the direction of the satellite's path. 
The objective mirror, an ellipsoid, is .set 
at an angle of 45 degrees with respect to 
the optical axis of the instrument. The 
mirror rotates continuously at the rate of 
48 revolutions per minute, plus or minus 
a few parts in a million. As the vehicle 
moves in orbit the rotating mirror scans 

the earth and space in the east-west di
rection. A cassegrainian optical system 
focuses radiation thus acquired through 
a beam splitter alternately to a bolom
eter and to a photodiode. 

"The system functions as a two-chan
nel scanner that examines the earth 48 
times per minute in both infrared and 
visible light sequentially to disclose 
cloud cover on the unlighted and lighted 
hemispheres. Information collected dur
ing each scan is encoded and broadcast 
as a shortwave radio signal during an in
terval of 1.25 seconds. The first half of 
the interval, .625 second, begins with 
telemetry data and is followed by the 
infrared scan from 10.5 nanometers 
through 12.5 nanometers. The second 
half of the interval is occupied by telem
etry data followed by the scan in visible 
light from .5 nanometer (green) through 
.7 nanometer (red). 

"Each 1.25-second signal comprises a 
'line' of picture data that is analogous to 
the line of a television picture. About 
850 lines necessarily complete a weather
satellite picture, because the short radio 
waves follow a line-of-sight path that 

Hurricane Ellen over Bermuda on August 20, 1973 

can reach any specific location on the 
earth's surface during a maximum inter
val of about 18 minutes. At my location, 
for example, signals are first picked up at 
about the time NOAA-2 approaches the 
latitude of Cape Farewell in Greenland, 
and they are lost as it approaches the 
Gulf coast of Yucatan. 

"My receiving system includes a sur
plus FM radio receiver and a homemade 
oscillator that generates a local signal of 
the same frequency as that of the satel
lite [see top illustration on next page]. 
Both signals are taped for subsequent 
playback and conversion into pictures 
by a homemade facsimile recorder. Es
sentially the recorder consists of a rotat
ing drum of wood that carries a cylinder 
of photographic paper and a gas-dis
charge lamp that Rickers in response to 
signals broadcast by the satellite. A mo
tor-driven lead screw moves the lamp 
and lens system parallel to the rotating 
cylinder as a thin beam of light exposes 
the photosensitive paper line by line. 
The recording mechanism is housed in a 
lightproof cabinet when exposures are 
made. The radio and locally generated 
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signals are amplified and otherwise 
processed with several electronic de
vices. 

"Surplus radio receivers of the kind in 
my system can be bought from the Greg
ory Electronics Corporation (249 Route 
46, Saddle Brook, N.J. 07662). My re
ceiver was designed for operation at 
49.54 megahertz. I inserted a converter 
between the antenna and the receiver to 
reduce the frequency of the incoming 
signals from 137.5 megahertz to 49.54 
megahertz. Converters are available 
from Aerotron, Inc. (U.S. Highway 1, 
North Raleigh, N.C. 27608). 

"Incoming signals can be reproduced 
directly in the form of photographs, but 
I prefer to record them on magnetic 
tape. This stratagem enables me to re
produce any number of original photo
graphic copies and also to accumulate 
an inventory of signals for experiments 
that I do during periods when the satel
lite is out of range. In addition the tape 
affords a measure of protection against 
the loss of a picture if part of the system 
malfunctions. 

"Signals from the satellite appear at 
the output of the receiver as an alternat
ing current of varying voltage at a con
stant frequency of 2,400 hertz. The pic
ture data are encoded as variations of 
the voltage. I refer to this current as the 
picture signal and feed it into one chan
nel of the stereo tape recorder. Into the 
other channel I feed a similar current of 
2,400 hertz at constant voltage that is 
generated by a crystal-controlled oscil
lator. I refer to this current as the refer
ence signal. 

"The picture and reference signals, 
together with alternating current from 
the 60-hertz power line, operate the fac
simile recorder. The size of the recorder 
was determined by the dimensions of 
Kodak Polycontrast Rapid enlarging 
paper, which is available in standard 
eight-by-lO-inch sheets. The drum that 
carries the paper is an ll-inch rolling 
pin of wood 2)� inches in diameter. I re
placed the handles with an axial shaft 
of steel 1/4 inch in diameter and 13 
inches long, which is fastened to the 
wood with epoxy cement. The impro
vised drum turns in bronze bearings of 
standard size fitted to brackets made of 
1/S-inch sheet aluminum [see bottom 
illustration on opposite page]. 

"Photographic exposures are made by 
a point of light .006 inch in diameter. 
Rays from the lamp (a Sylvania Type 
R-1l68 glow modulator tube) are fo
cused on the rotating cylinder by a tele
scope eyepiece of one-inch focal length. 
When the eyepiece is in proper focus, it 
is within about a quarter of an inch of 
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Details 0/ the lamp assembly 

the paper. The lamp and the eyepiece 
are mounted in a Hi-inch flared fitting (a 
short brass pipe) of the kind used to con
nect the trap under a kitchen sink. The 
optical assembly is clamped on the top 
of a wooden carriage that slides the 
length of the rotating drum on a rectan
gle of plate glass. 

"The carriage is restrained laterally 
by a pair of aluminum rails and is pro
pelled by means of a lead screw having 
20 threads per inch. The screw is turned 
by a reversible Type CA Hurst syn
chronous motor. The motor operates 
from the 60-hertz power line. It is avail
able from the Allied Electronics Corpo
ration (2400 West Washington Boule
vard, Chicago, Ill. 60612). 

"At 12 revolutions per minute the lead 
screw advances the lamp carriage nine 
inches in 15 minutes. During this inter
val the satellite broadcasts about 720 
lines of data. At a drum radius of H� 
inches each of the 720 parallel lines of 
satellite data is 7.S inches long. Hence 
the final image would be approximately 
square if all telemetry signals and both 
the infrared and the visible data were 
reproduced. I rarely reproduce all four 
images on a single sheet of paper, how
ever. 

"A small Alnico magnet is recessed in 
one end of the rolling pin and fastened 
by a dab of epoxy cement. Once during 
each revolution the magnet grazes the 
end of a solenoid that is rigidly fixed to 
the base. The solenoid consists of a 
laminated bar of transformer iron that 
carries about 3,000 turns of fine magnet 
wire. The magnet and the solenoid func
tion as a magneto that generates a pulse 

of voltage at exactly the same point dur
ing each revolution of the drum. This 
point marks the edges of the picture, be
cause the edges of the paper are aligned 
with the magnet at the time the sheet is 
wrapped around the drum and fastened 
to it with doubly coated adhesive tape. 

"The drum is rotated through a worm 
reduction gear by a Bodine Type KYC 
reversible synchronous motor. The mo
tor is available from the Minarik Elec
tric Company (224 East Third Street, 
Los Angeles, Calif. 90013). Both the 
drum motor and the carriage motor are 
fitted with reversing switches. After a 
picture has been made I reverse both 
motors. The next picture can then be 
made without returning the carriage to 
its starting point. 

"The speed of the drum motor is de
termined by the reference oscillator's 
frequency, which is fixed by a piezo
electric crystal of quartz. The crystal 
oscillator previously described in this de
partment is suitable [see "The Amateur 
Scientist," SCIENTIFIC AMERICAN, May, 
1973] . Incidentally, the pin numbers of 
the oscillator circuit that were specified 
in that article apply only to integrated 
circuits of the flat-pack type. 

"The same article explains how to de
sign digital circuits for dividing frequen
cies by any amount. Circuits of this kind 
are required by the satellite receiver. 
For example, I divide the 2.4-megahertz 
output of my crystal by 1,000 with a 
string of Type 7490 decade counters. 
This output can be momentarily low
ered to 2,355 hertz with the device 
known as a phase-locked oscillator. An
other string of integrated-circuit devices 
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subsequently divides this frequency to 
48 hertz. After appropriate amplification 
alternating current at this frequency en
ergizes the drum motor. [Schematic dia
grams of Ruperto's reference oscillator, 
phase-locked oscillator and other re
quired devices for operating the drum 
motor will be forwarded without charge 
on receipt by this department of a se1£
addressed, stamped envelope.] 

"As I have mentioned, the satellite 
transmits infrared data and visual data 
sequentially 48 times per minute. If the 
recording drum ran at this speed, both 
images would appear as slender strips 
divided by two patterns of telemetry 
signals. Each infrared pattern or picture 
of cloud cover can be made to occupy 
the full width of the photographic paper 
by running the drum at double speed: 
96 revolutions per minute. Each full rev
olution then accommodates half of the 
data of each line, either infrared or vi
sual. A photograph so made would be 
built up of alternate lines of both in
frared and visual data. 

"Occasionally I run my recorder at 
this speed and unscramble the images 
with the electronic device known as a 
line blanker. This device is essentially 
an electronic switch that automatically 
turns off the lamp when alternate lines 
of data appear. The line blanker is ac
tuated by pulses from the magneto. A 
selector switch enables me to reproduce 
either the infrared image or a picture of 
cloud cover. 

"The pulse of the magneto also en
ables the experimenter to adjust the 
phases of the synchronized drum and 
the satellite mirror so that lines of pic-
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ture data begin and end at the edges of 
the photographic paper. I make this ad
justment with a cathode ray oscillo
scope. Signals from the satellite are fed 
to the vertical plates of the oscilloscope. 
The horizontal sweep of the oscilloscope 
is initiated by magneto pulses from the 
recording drum. 

"If the drum and the satellite mirror 
are rotating in the desired lockstep, the 
oscilloscope displays at its left edge a 
somewhat ragged square wave of sub
stantial amplitude followed by an un
dulating pattern of lesser amplitude. 
The undulating pattern represents the 
picture data. Unless the phase relation 
between the drum and the satellite mir
ror has been adjusted, however, the 
square wave usually appears at an inter
mediate point on the face of the oscil
loscope, flanked by undulating patterns. 

"When this configuration appears, I 
operate the push button of the phase
locked oscillator. This has the effect of 
lowering the speed of the drum motor. 
The square wave drifts toward the left 
of the oscilloscope display. When it 
reaches the extreme left edge, I release 
the push button. Thereafter the drum 
and the satellite mirror run in lockstep, 
and the lines of the picture begin and 
end at the edges of the paper. One can 
also 'phase' the drum and the mirror by 
interrupting the circuit of the drum mo
tor momentarily, thus dispensing with 
the luxury of the phase-locked oscillator. 
Phasing in this way is a matter of hit or 
miss-mostly miss. 

"A problem I encountered when I first 
tried to use the oscilloscope for making 
the phase adjustment was that the hori-
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Circuitry of the video amplifier 

zontal sweep of the instrument refused 
to work reliably at a frequency of less 
than two hertz. I solved the problem by 
again doubling the speed of the fac
simile drum. At 192 revolutions per min
ute the drum magneto generates 3.2 
pulses per second, a frequency to which 
the horizontal sweep responds nicely. 
This second speedup was accomplished 
by recording all signals at a tape speed 
of 3)f inches per second and reproducing 
them at seven inches per second. 

"Of course, the speed of the lead 
screw also had to be doubled. I accom
plished this by changing the ratio of the 
gears that couple the motor to the lead 
screw. The final increase in speed had 
the incidental advantage of cutting in 
half the time required to make a picture. 

"Before the system is turned on for 
the first time the contrast controls of the 
video amplifier should be adjusted. One 
control alters the density of the white 
areas of the image and the other one 
alters the dark areas. To make these ad
justments, first record on magnetic tape 
a 2,400-hertz signal of constant ampli
tude. The signal can be taken from the 
output of the reference oscillator. 

"Feed the reproduced signal into the 
input terminals of the video amplifier. 
Connect a vacuum-tube voltmeter or an 
equivalent meter that will measure peak
to-peak potential between test point A 
and the chassis. Adjust the amplitude of 
the input signal to the point at which 10 
volts peak to peak appears at point A. 
Then adjust the white control to the 
point at which the meter in the lamp 
circuit indicates 1.5 milliamperes. 

"Lower the input signal until the po-
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tential between point A and the chassis 
falls to two volts. Adjust the black con
trol to the point at which the meter in 
the lamp circuit indicates 14 milliam
peres. The contrast of the developed 
photographs depends on a number of 
factors including the characteristics of 
the photosensitive emulsion. For this 
reason the white and black controls may 
require a bit of fine adjustment by the 
time-honored technique of 'cut and try.' 

"Perfectionists can improve the pic
ture quality even more by fiddling with 
the gamma adjustment and the break
away adjustment. Set each adjustment 
at the midpoint of its excursion. There
after alter each setting slightly in one 
direction or the other just before mak
ing a picture. Keep a record of the set
tin gs and the correspondin g results. 
Eventually a combination will be found 
that produces the most pleasing piC
tures. I should point out, however, that 
the influence of these controls is small. 

"How does one learn the time at 
which signals from weather satellites 
will appear and the direction from which 
they will come? The schedule is routine
ly announced by "VIA V.l, the official 
station of the American Radio Relay 
League at Newington, Conn. This sta
tion broadcasts daily except holidays on 
all shortwave radio bands that have 
been assigned to amateurs from 1.8 to 
14.5 megahertz. On some bands the 
broadcasts are picked up worldwide. 
The schedule includes a variety of bul
letins of interest to amateurs. The sched
ule of WIA W is published monthly by 
the league's official journal, QST. The 
journal is available to members of the 
league and also is distributed by some 
newsstands and by dealers in amateur 
radio supplies. 

"The bulletins give the exact time at 
which NOAA-2 will cross the Equator 
in that portion of its orbit where it inter
cepts the plane of the ecliptic in moving 
from south to north: the 'ascending 
node.' The location where it crosses the 
Equator is expressed in degrees of longi
tude west of Greenwich in England. 
The time of the crossing is stated in 
Greenwich Mean Time, which is reck
oned on a 24-hour day beginning at zero 
hours (midnight). To convert Greenwich 
Mean Time into local U.S. time subtract 
from Greenwich Mean Time the num
ber of hours that your standard time 
zone is west of Greenwich. The zone of 
Eastern Standard Time, where I live, is 
five hours west of and earlier than 
Greenwich. Central, Mountain and Pa
cific standard time zones are successive
ly one hour earlier. 

"To convert Greenwich 24-hour time 
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WORKING 
WITH NATURE 
A Practical Guide 
By John Brainerd. "Invaluable to 

every person interested in the land 

on which they walk, take their 

recreation-or hope to live. It is 

difficult to praise it adequately." 

-Thalassa Cruso. "Brainerd has 

charted a course for all of us to 

follow."-Walter S. Boardman. 

Illustrated, $15.00 

CONSERVING 
LIFE ON EARTH 
By David W. Ehrenfeld. "An 

extremely valuable addition to a 

literature in shocking disarray 

and in danger of losing its center." 

-Natural History. "I do urge you to 

get this beautifully written book. 

It is one of the best I have ever 

read and I have read most of those 

on the subject."-Arthur Godfrey 

Illustrated, $10.00 
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balance? D. F. Owen finds 

disturbing signs in a region of 

rapid environmental change. $7.95 
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into 12-hour time, subtract 12 hours 
from Greenwich time if it exceeds 12 
hours and label the difference 'P.M.' 

Greenwich time that does not exceed 12 
hours is labeled 'A.M.' For example, as
sume that NOAA-2 is scheduled to cross 
the Equator at 20:34 GMT at 92 de
grees west longitude. When might I ex
pect to pick up its signals here in Penn
sylvania? The crossing would come at 
20:34 - 5:00, or 15:34 hours EST, 
which, as expressed by clocks, is 15:34 
- 12:00, or 3:34 P.M. 

"As I have mentioned, shortwave ra
dio signals from NOAA-2, which orbits 
at an altitude of about 800 miles, reach 
my location when the vehicle is roughly 
between the latitudes of Greenland and 
the Gulf coast of Yucatan. The Gulf 
coast of Yucatan is at 20 degrees north 
latitude and 92 degrees west longitude. 
The satellite completes a 360-degree or
bit in about 115 minutes, or at a rate of 
3.1 degrees per minute. Therefore when 
the satellite is headed north, it will make 
the trip from the Equator to the Gulf 
coast of Yucatan in 20/3.1 = 6.5 min
utes. Assuming that NOAA-2 crossed 
the Equator at 15:34 GMT, as predicted 
by W1A W, I can expect to pick up its 
signals six minutes and 30 seconds later 
-at about 3:40:30 P.M. Eastern Stan
dard Time. 

"The signals can also be picked up 
when the vehicle comes within line of 
sight of my location on its descending 
node, when it is traveling south. Thirty 

82.0 
Jl. 

minutes or more must be added to the 
predicted times, depending on the posi
tion of the orbit and the node. 

"After two passes have been recorded 
the amateur can easily predict following 
orbits for a few days. For example, if a 

pass comes at 13:25 GMT on Wednes
day, you can expect to pick up the signal 
of NOAA-2 one hour later on the follow
ing day. By then the satellite will have 
drifted somewhat west of its Wednes
day crossing. On Friday, two days later, 
it will have drifted still farther west-in
deed so much farther that the signal will 
reach you on the succeeding orbit at 
13:20, and on Saturday at 14:20. The 
performance is not quite clocklike, how
ever. Simple prediction techniques do 
not work for more than a few days at a 

time. That is why I depend on the sched
ule broadcast by W1A W. 

"The electronic devices in the weath
er-satellite receiver are relatively simple 
compared, say, with a color television 
set. They involve no critical adjust
ments. Even so, beginners will find that 
neighboring radio hams and television 
servicemen can pass along useful con
struction tips. Most of the circuits of my 
receiver were designed by Virgil Neher, 
a radio ham of La Verne, Calif. I am 
grateful to him and also to Wendell An
derson, whose article 'Amateur Recep
tion of Weather Satellite Picture Trans
mission' in the November 1965 issue of 
QST first kindled my interest in this fas
cinating avocation." 
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Scientific best sellers ... science classics ... 
iDlportant scientific reference W"ork

all at substantial discounts! 
(Retail prices shown) 

70240. PRE-COLUMBIAN CITIES. 
Jorge E.  Hardoy. A distinguished au
thority on ancient and modern city 
planning synthesizes a wealth of ar
chaeological detail in a remarkable 
study of Western hemisphere prehis
toric civilizations. Implications for the 
contemporary urban crisis in America. 
Counts as 2 of your 3 selections. $19.95 

88020. X-RAYING THE PHARAOHS. 
James E. Harris and Kent R. Weeks. 
Not since Howard Carter opened the 
tomb of Tutankhamen, a half-century 
ago, has science made archaeological 
discoveries to equal those revealed for 
the first time in this handsome new 
volume. Illustrated in color and black 
and white. $10.00 

36280. A BIOGRAPHICAL DICTION
ARY OF SCIENTISTS. Edited by Trevor 
I. Williams. Over tOOO biographies of 
scientists in every field, from agricul
ture to zoology. Describes the lives of 
these men but assesses their contri
butions and relates them to those of 
their predecessors, contemporaries, 
and successors. A unique and splendid 
reference. $9.95 

36400. BLAKISTON·S GOULD MEDI· 
CAL DICTIONARY. Third Edition. Over 
75,000 definitions in this newly revised 
third edition of the most famous and 
modern compendium of the terms used 
in all branches of medicine and related 
sciences. 35 contributing American 
specialists make it an invaluable refer
ence tool for expert and general reader 
alike. $18.50 

42261. DIGITAL COMPUTING AND 
NUMERICAL METHODS. Brice Carna
han and James O. Wilkes. A brilliant 
presentation of numerical methods with 
practical application to their implemen
tation on digital computers. A "must" 
for every mathematician and engineer. 

$13.95 
86070. WANDERING LANDS AND 
ANIMALS. Edwin H. Colbert. A boldly 
original epic history of our planet's 
drifting continents and the spread of 
animals through the ages. Replete with 
charts, tables, maps, illustrations and 
impressive glossary. Recounts the find
ing of Lystrosaurus in Antarctica, now 
regarded as keystone evidence to ex
plain continental drift. $12.50 

45471. ENVIRONMENTAL GEOSCI
ENCE. Arthur N. Strahler and Alan H. 
Strahler. The dean of American geo
morphologists ably assisted by his son 
(a plant geographer at the University 
of Virginia), masterfully explores the 
physical and biological processes in
volved in interactions between Man 
and the environment of energy and 
matter which surrounds him. $12.95 

46590. EVOLUTIONARY OPERATION. 
George E. P. Box and Norman R. Dra
per. Business, industry and technology 
are benefiting from the methods of 
Evolutionary Operation, a process im
provement technique that utilizes the 
concepts of natural select'on and the 
tools of mathematical statistics to maxi
mize industrial efficiency. $12.50 

84451. TOWARD A GENERAL SCI
ENCE OF VIABLE SYSTEMS. ArthUr S. 
Iberall. Introduces a science that at

tempts to unify our understanding of 
all autonomous systems-natural, or
ganic or man-made-proposing a con
tinuum ranging from nuclear particles 
at one end of the scale to the cosmos 
at the other. $14.50 

62801. MODERN COSMOLOGY. D. W. 
Sciama. "This book is a masterpiece. 
Stylistically there is not a word wasted 
and not one needs to be added. From 
the standpoint of readability, orderli
ness, continuity, evenness of level, and 
its ability to hold one's attention, the 
book is three standard deviations above 
the mean. It is almost unbelievably up 
to date.·'-Physics Today $9.95 
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38310. CLASSICAL ELECTRODYNAM
ICS. John David Jackson. Electromag
netic theory on the graduate level 
handled both conventionally a n d  
through consideration of the properties 
and interactions of charged particles. 
Ideal reference work for the phYSicist. 

$17.95 
61360. MATHEMATICAL STATISTICS 
WITH APPLICATIONS. William Men
denhall and Richard L. Scheaffer. A 
uniquely practical work which stresses 
inference as the objective of statis
tics and emphasizes the role of prob
ability in inference making. Covers 
statistical theory, hypothesis testing, 
linear models, more. $12.95 
42070. THE DEVELOPMENT OF MOD
ERN CHEMISTRY. Aaron J. IMe. Re
vised, updated and reprinted, an 850-
page history of chemistry filling the 
niche between short, popularized works 
and exhaustive, pedantic treatments. 
"Scholarly and well written. "-Scien
tific American $14.95 
63131. MOLECULES AND LIFE. Joseph 
S. Fruton. The interplay of chemical 
and biological ideas is presented with 
full documentation for the period from 
about 1800 to 1950. with some refer
ence to both earl ier and later develop
ments. $19.95 
48400. THE FASCINATION OF REP
TILES. Maurice Richardson. A colorful 
and handsomely illustrated apprecia
tion of these scientifically neglected 
and often maligned animals. Includes 
information on the care and feeding of 
reptiles. $10.00 
78190. SEXUAL SELECTION AND THE 
DESCENT OF MAN. Edifed by Bernard 
Campbell. Eleven experts in the fields 
of biology, genetics and anthropology 
examine the evidence for Darwin's 
theory of sexual selection, the strong
est factor in human evolution. $14.75 

34630. ASIMOV'S GUIDE TO SCI
ENCE. Isaac Asimov, The incompara
ble Isaac Asimov has done it again 
with this exciting general account of 
modern science - an encyclopedic 
work of 945 pages that is meant to be 
read and enjoyed. $15.00 
38011. CITIES AND GEOLOGY. Robert 
F. Legget. The first geological work to 
take up the special problems of urban 
areas. A must for scientists, engineers, 
planners, and architects. $15.50 

87210. WILDLIFE IN DANGER. James 
Fisher, Noel Simon, and Jack Vincent. 
Preface by Joseph Wood Krutch. Beau
tifully illustrated reference to all the 
species of animals and plants in dan
ger of imminent extinction. "It will boil 
the blood of any senSible human be
ing."-Peter Farb, author of Man's Rise 
to Civilization. $12.95 

HOW THE CLUB OPERATES • •  The 
Book Club News, descrit>ing the com
ing Main Selection and Alternate Se
lections, will be sent to you 15 times 
a year at three to four week intervals . •  
If you wish to purchase the Main Selec
tion, do nothing and it will be shipped 
to you automatically. • If you prefer 
one of the Alternates, or no book at 
all, simply indicate your decision on 
the reply form always enclosed with 
the News and mail it so we receive it 
by the date specified . •  The News is 
mailed in time to allow you at least 
10 days to decide if you want the com
ing Main Selection. If, because of late 
mail delivery of the News, you should 
ever receive a Main Selection without 
having had the 1.0-day consideration 
period, that SelectIOn may be returned 
at Club expense . •  After completing 
your trial membership, you will be en
titled to take advantage of our fabulous 
bonus plan which offers savings up to 
70% and more . •  (Offer good in Con
tinental United States and Canada 
only. Prices are slightly higher in 
Canada.) 

© 1973 SCIENTIFIC AMERICAN, INC



by Philip Morrison 

G
EAT ZIMBABWE, by P. S. Garlake. 
Illustrated. Stein and Day, Pub
lishers ($20). A couple of hun

dred miles inland in southern Africa lies 
the watershed plateau between the Lim
popo and the Zambesi rivers, "cool, well
watered, gently rolling," free from the 
tsetse fly, its fertile open woodlands 
dotted with spreading acacias. The 
bones of the land are granite hills, pock
eted here and there with the metamor
phic rocks that yield gold ores to the 
miner today as they did millenniums 
ago. Near one edge of the plateau, where 
streams gather to flow seaward across 
the low, fly-ridden grassy plains, lies 
Great Zimbabwe. 

The ruin occupies a dual site. The Hill 
Ruin displays one set of high walls. On 
the edge of a cliff half a mile away 
across the valley is the Great Enclosure, 
a masonry wall surrounding an ellipse 
some 800 by 300 feet, "by far the larg
est single prehistoric structure in sub
Saharan Africa." More than half of all 
the stonework at Great Zimbabwe is in 
this wall, which attains a height of 32 
feet and a thickness of 17 feet. With
in the Outer Wall and around the site 
are scattered a complex of lesser walIs 
and platforms and one striking, com
pletely solid conical tower. AlI the stone
work is dry-wall masonry, well-laid or 
roughly laid courses of local granite 
blocks. The rock exfoliates everywhere 
on the smooth-domed granite hills that 
dominate the site, and thin slabs peel off 
and slide down slopes to collect as scree. 
There they can be cracked and taken 
away. Natural fracture planes give all 
the broken pieces a quite regular shape: 
cuboids, with even a standard thickness, 
that lend themselves to construction 
"based on more or less regular horizontal 
layers of stone." So was Great Zimbabwe 
built (the word probably means "vener
ated houses" in Shona), and so also were 
built 150 or 200 smaller and cruder ruins 
dotted over the high granite country. 

BOOKS 
On Great Zimbabwe, the massive stone ruin 
that recalls a little-known African culture 

No sockets, beams or posts are found; 
apparently the stone walls never bore 
roofing. The walls are all curved, and 
they meander smoothly over the plan. 
The entire courtyard was once paved 
with the common indigenous building 
material called daga: a puddled, clayey 
soil binding gravel. Pits outside the walls 
show where the clay came from. Daga 
plastered the walIs up to seven feet, and 
all the dwellings within were round huts 
of daga joined by abutting walls of stone. 
The walls are freestanding now and of
ten one end of a wall is a finished door
way and the other end a jumble of col
lapsed stone, senseless once its abutting 
hut was washed away. The walls do re
semble brickwork, but the resemblance 
is wholly superficial. There is no evi
dence of familiarity with brick bonding; 
these walls are never bonded, whether 
to break vertical joints, to link the two 
faces of rubble-filled sections or to join 
walIs at a corner. Indeed, there are no 
angular corners. 

The spade has not found very much 
more. Huge middens are present on ev
ery slope. Spindle whorls, shards, iron 
hoes and similar domestic artifacts of 
the Iron Age are abundant. Metalwork
ing in copper, bronze, gold and iron was 
practiced. Radiocarbon dates are few; 
rock is not to be dated. The oldest tim
bers found are durable poles that have 
been dated to the seventh century. Gar
lake holds that these samples, cut from 
trees that live for 500 years, provide only 
the upper limit to the age of the struc
tures: they might well have been taken 
from earlier structures on the site and re
used many times. Like all sites, Great 
Zimbabwe evolved; the few radiocarbon 
dates relevant to the footings of the great 
stone walls date from the 11th to the 
15th centuries. A unique trade-goods 
cache, found buried in soil in an enclo
sure a few hundred feet from the Great 
Wall, can be dated more securely than 
anything else at Great Zimbabwe be
cause it held Chinese celadon stoneware 
and an inscribed Persian bowl. The bowl 
was made in the 13th or 14th century. 
This hoard makes it plain that Great 
Zimbabwe then had far-flung trading 

contacts, the intermediaries being the 
Swahili coastal cities that flourished in 
those times. There is not much else, 
save for the remarkable and famous figu
rative carvings of soapstone (mostly re
moved), to add to the ordinary domestic 
goods. Those walls never enclosed a busy 
trading emporium; the very richness of 
the single hoard is evidence that a true 
center of trade would yield more. The 
celadon shards from China never give 
way to porcelain at this site in spite of 
the fact that in every trading post of the 
Portuguese, and in a number of other 
later ruins, the blue-and-white porcelain 
of the Ming is prominent. Great Zim
babwe was somehow preeminent when 
celadon came to the African coast but 
was in decline by the time the factories 
of the Ming sent porcelain, which was 
certainly by the late 15th century. 

The enclosures were not mainly mili
tary, although they are protective. They 
have no slits or embrasures, even though 
the weapons of war in this land were ar
row and spear. Walls do not defend other 
walls; nothing of the planned fortress is 
present. These structures were built and 
inhabited as a palace between A.D. 1000 
and 1500 by a native people. They were 
built for "size and imposing grandeur, 
the product of two or three centuries of 
development of an indigenous stone
building technique, itself rooted in long 
traditions of using stone for field walls, 
building platforms and terraces." A 
smaII oligarchy-a royal and ecclesiasti
cal court with sway over many vassals, if 
you will-grew out of an Iron Age sub
sistence economy, its growth based on 
political control of a vast region of gold 
and copper mining. The leaders dwelled 
there with a couple of thousand crafts
men, fanners and laborers to support the 
court. (Building the Outer Wall is esti
mated to have required 400 laborers 
working 50 days a year for four years.) 
The oligarchy's rule spread north and 
west over the plateau until, after some 
local decline in resources, the very 
strength of the wider society led the 
court to depart from Great Zimbabwe; 
the rulers moved north a couple of hun
dred miles into Matabeleland. Their new 
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"Can only be 
compared to the 
earlier work 
of Audubon ... 
It is fitting that Arthur Singer, one 
of the world's most skilled deline
ators of birds, should illustrate 
the feathered gems that Skutch 
writes about in his excellent 
prose." -ROGER TORY PETERSON 
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lands had no granite, so that all building 
in granite ceased. Tradition says that the 
old capital had "a severe shortage of 
salt"; we can read this as literally or as 
figuratively as we wish. Great Zimbabwe 
still stood, stripped of wealth and power; 
it remained for a while a provincial resi
dence perhaps, and finally it became a 
religious monument of the old times. 

When Carl Mauch, a young geologist, 
reached Great Zimbabwe in 1871, it 
was deserted and overgrown; the newly 
arrived people living there were led by 
an unimportant Karanga chief whose 
predecessor had taken the area away 
from the local people and turned the 
buildings into corrals. So was finally 
broken a tradition of sanctity that can 
probably be traced back 800 or 900 
years. Mauch met a man of the ejected 
people whose father, a priest of Great 
Zimbabwe, had come every few years to 
sacrifice at the ruins. The last known 
sacrifice was in 1904. The structure re
mains, "a proud part of the Karanga and 
Shona past." 

All of this describes only in part an 
enriching book by a Rhodesian trained in 
architecture and archaeology. Much of 
the careful, clear and handsome volume 
(there are many splendid photographs 
in color and in black and white), with a 
brief introduction by Sir Mortimer 
Wheeler, deals perforce with archaeol
ogy as a political battlefield. The early 
Portuguese never visited the site, but 
they spoke with Swahili traders who ap
parently had seen it. It was then within 
the Karanga kingdom of the Mwene Mu
tapa, ruling from the north, who held fief 
over the gold and the trading routes that 
had brought the Portuguese, as they had 
the Swahili before them. Since the Ka
ranga had no buildings of stone, the 
Portuguese ascribed the storied places to 
Prester John, to Solomon or to the Queen 
of Sheba. These are all folk figures in 
Islam. The "aged Moors" cited in 1609 
by one Portuguese missionary suggested 
such an origin: "the factory of Solomon." 
When Cecil Rhodes and his colonizing 
British South Africa Company came, 
they seized with delight on such theo
ries; to admit the local origin of Great 
Zimbabwe would fault their claims to a 
land they insisted had been settled no 
earlier by the Bantu than by the Euro
peans. In 1891, within a year of occupa
tion by the company, it engaged the an
tiquarian J. Theodore Bent, a man who 
had studied the origin of the Phoenicians 
but who was without formal archaeolog
ical training or experience, to study the 
site. It was his vivid and uncontrolled 
imagination that first related Great Zim
babwe to a Sabaean temple in Marib in 

Yemen. This structure dates from the 
seventh century B.C.; it has an elliptical 
dry-wall enclosure of about the same 
size and shape as that of Great Zimbab
we. "However, all comparisons end 
there." Its blocks are limestone, carefully 
cut and pecked, the faces linked with 
cross walls, the entire structure joined to 
a rectangular building that was pillared 
and roofed, inscribed and linear in dec
oration: "products of a tradition and 
technology quite unlike those of Great 
Zimbabwe." Bent and his successors 
stripped the ruins "in an obsessive search 
for the exotic." In 1895 the company 
granted a firm the right to dig for gold in 
all ruins, Great Zimbabwe excepted ("at 
Mr. Rhodes' express desire"). After a few 
years public reaction to this greedy and 
foolish enterprise brought it to a halt and 
a journalist, Richard N. Hall, wrote a 
book from the gold seekers' data that 
sought to build a coherent framework. 
Hall was made curator of Great Zimbab
we but himself stripped the ruins there 
lamentably, removing, as he said, "the 
filth and decadence of the Kaffir occu
pation." Outsiders complained again: 
"field work . . .  worse than anything I 
have ever seen," wrote David Randall
MacIver after Hall was dismissed and 
MacIver was invited to investigate. He 
was a student and colleague of Flinders 
Petrie's and his skilled and honest, al
though hasty, work established that 
Great Zimbabwe was without alien in
fluence. The opinion of the settlers has 
ever since been polarized against over
seas experts. Gertrude Caton-Thompson 
followed MacIver around 1930, a gener
ation later. She sought incontrovertible 
dating and carried out a model study. 
(Her team, by the way, was composed 
of women archaeologists; it is possible to 
see there the first excavation, made in 
her student years, by Kathleen Kenyon, 
who was later the famous excavator of 
ancient Jericho.) She too found almost 
no exotic objects, no easy dates. The 
Rhodesians Keith R. Robinson and R. F. 
H. Summers worked at the site in the 
late 1950's and early 1960's, and it was 
they who secured the radiocarbon dates 
(still rather vague) that are the foun
dations of the modern interpretation. 

Garlake became Senior Inspector of 
Monuments in Rhodesia in 1964; he 
studied the digs, particularly the lesser 
sites, until 1970. Now he is at the Uni
verSity of He in Nigeria, and in secession
ist Salisbury today "the Rhodesian mu
seums no longer employ an archaeolo
gist." Instead the official censor is at 
work. In the new guidehook "all theories 
relating to Zimbabwe will be presented 
absolutely impartially" and there will be 
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no more search for unsettling evidence. 
It is distressing that in October, 1973, a 
national weekly in the U.S. published a 
piece lending strong endorsement to the 
most recent ascription of Sabaean or
igins to the walls at Great Zimbabwe. 
Yet truth is more enduring than granite; 
it seems to beckon the reader from even 
a single aerial photograph of the ruins, 
where, as Garlake writes, stone wall and 
natural boulder are so interdependent 
on the ground that "each seems almost 
a natural outgrowth and extension of 
the other." That organic way of building 
with cracked granite scree surely evolved 
among a people long accustomed to and 
wholly familiar with the gray granite of 
their own hills, not among alien brick
makers from a far continent. One may 
hope that before too long archaeologists 
and freedom alike will return to the land 
of Zimbabwe. 

BORON, by A. G. Massey and J. Kane. 
Mills & Boon Limited (2.25 pounds). 

LAMP PHOSPHORS, by H. L. Burrus. 
Mills & Boon Limited (1 .50 pounds). 
FIBRE REINFORCEMENT, by J. A. Cath
erall. Mills & Boon Limited (l.50 
pounds). The colorful little hard-co\'er 
booklets, each 60 to 80 pages long and 
illustrated with graphs, tables and pho
tographs (the boron monograph even 
has color photographs : boron-deficient 
grapes and a greenish boron explosion), 
are members of a larger family. By now 
several dozen of these easily read, up
to-date and well-informed British studies 
have appeared, each treating a single 
new development in chemical, electrical 
or mechanical engineering, constituting 
a first non mathematical survey intended 
for readers who have a technical back
ground but may be new to the special 
subject. Of the entire Row this review 
considers a sample of three, one for each 
main branch of engineering. 

The slightly dearer boron booklet 
treats the element and its compounds. 
You can see both the old 20-mule team 
and the newer open-pit mine, whose ma
jor mineral is kernite, a less-hydrated 
analogue of borax. That one pit fur
nishes the bulk of the world's boron. 
There follow the elemental uses : nu
clear (the isotope of mass 10 eats slow 
neutrons), plant nutrition, strong light
weight fibers and the like. Most of the 
text treats the boranes, which are pyro
phoric hydrides of boron. It was their 
preparation and study by Alfred Stock 
even before World War I that stimu
lated the widespread handling of chemi
cal preparations in complex closed vac
uum systems, with all the tricks now 
familiar to the modern chemist. No bo-

rane compound unknown to Stock was 
found until 1958! These compounds 
were the seat of much hope and effort 
as high-energy rocket fuels. Decaborane 
is about half as energy-rich as liquid hy
drogen and half again better than kero
sene; its organic derivatives are fine 
fuels, but the cost is $2,000 per gal
Ion. Compounds based on icosahedral 
"cages" of boron atoms are also dis
cussed. Borax is cheap and yet boron is 
dear, because only about a tenth of the 
weight of borax is in boron atoms. The 
glass industry remains the chief user of 
boron, mainly as dehydrated borax in 
commonplace bottle glass, where up to 
2 percent of boric oxide pays its way in 
reducing Row temperatures and thus 
fuel costs. Heat-resistant chemical and 
ovenware borosilicate glass contains 10 
or 15 times as much boron but is a spe
cialized and relatively low-volume prod
uct compared with beer bottles. Sodium 
perborate is the cheapest and safest of 
all peroxy salts and is much used in de
tergents, particularly for very-hot-water 
washing, which is common in Europe 
and the U.K. Boron nitride, in the lay
ered form of "white graphite" or as bor
azon, its cubic high-pressure form (akin 
to diamond), mimics the familiar allo
tropes of carbon. It is a fascinating stuff, 
and boron carbide itself, the next hard
est substance after diamond and bora
zon, found large use as light armor for 
U.S. helicopters and troops. 

Lamp phosphors now provide most of 
the world's light at night. The low
pressure mercury discharge in the usual 
Ruorescent tube produces two main 
lines, both in the ultraviolet. The phos
phor coating converts these to visible
even pleasantly colored-light. Long life, 
low cost, efficiency and control of color 
have been the goals in phosphor devel
opment, which has by now reached 
a sophisticated understanding of the 
quantum physics of phosphors. The 
most used substances are fluorapatites, 
the very stuff of bone, the microcrystal
line particles of which are prepared with 
extreme care and are adjustable as to 
color with small amounts of activating 
antimony and manganese. A good lamp 
today has an overall energy-conversion 
rate of about 25 percent, with good col
or. "De luxe lamps" and color-television 
tubes are concerned more with color 
precision than with efficiency; red is 
what has always been lacking from the 
glowing surface. The remarkable euro
pium-activated yttrium vanadate emits 
Iinelike narrow peaks in the red, a high
ly saturated color; the transitions take 
place in an inner electron shell, shielded 
from the fields of the nearby crystal ions. 

Energy in 
Society 

Available now: the papers 
presented December 18, 1973 in 
Stockholm at the Royal Swedish 
Academy of Sciences' Symposium on 
Energy in SOciety. 

The papers are published in a 
special issue of AMBIO, the 
Academy's English-language, illustrated 
journal of the human environment. 

Contents: 

Lars Kristoferson, ENERGY IN SOCIETY 
Dean Abrahamson, ENERGY 
TECHNOLOGY: STATUS AND NEEDS 
Hussein K Abdel-Aal, THE OIL 
INDUSTRY: PEOPLE, PRODUCTS, 
AND PROGRESS 
Abdou Moumouni, ENERGY NEEDS 
AND PROBLEMS IN THE SAHELIAN 
AND SUDANESE ZONES IN AFRICA: 
PROSPECTS OF SOLAR POWER 
Georg Borgstrom, FOOD, FEED, AND 
ENERGY 
Howard T Odum, ENERGY, ECOLOGY, 
AND ECONOMICS 
Ernst Friedrich Schumacher, WESTERN 
EUROPE'S ENERGY CRISIS - A 
PROBLEM OF LIFE-STYLES 
David J Rose and Giancarlo Tenaglia, 
DISPOSING OF NUCLEAR WASTES 
IN WESTERN EUROPE - A NATIONAL 
OR INTERNATIONAL RESPONSIBILITY? 

Although this special issue of 
AMBIO is devoted entirely to energy, 
AMBIO normally publishes articles that 
give an overview of a wide variety of 
important problems in the environmen
tal sciences, and reports presenting 
the results of original environmental 
research. AMBIO is published six times 
a year. After only two years of 
publication, the journal now has 
subscribers in 57 countries. 

AMBIO 
The Royal Swedish Academy of 
Sciences. 

Face your order now-- - - � 
o Energy in Society - Special issue of AMBIO I (Vol. 2, No.6, 1973) $4.00 (airmail postage I included) I 01-year subscription to AMBIO (Vol. 3, Nos. 

1-{). 1974) $19 (airmail postage included). I 0 I would like to be on the mailing list of the 
Royal Swedish Academy of Sciences, so I that I can receve information concerning the 
Nobel prizes. the international and national 

I activities of the Academy. and Academy 
publications. I 0 Bill me at the below address: 

o Enclosed is my check or money order for I the sum of made out to the 
Royal Swedish Academy of Sciences. I Name ________________________ _ 

I Address -----------------------
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Even the "anti-Stokes phenomenon" is 
cunningly used. A substance may absorb 
two photons step by step, to jump up 
two states. Its emission can then-anom
alously-be at a higher frequency than 
either of the two photons it absorbed. 
Just this trick makes the now familiar 
light-emitting gallium arsenide diodes of 
the pocket calculators, which are intrin
sically infrared emitters, glow red, green 
or blue-although with efficiencies as 
low as one part in 10,000. 

The third monograph deals with com
posite fibrous materials: strong fibers 
dispersed in a yielding matrix. Wood 
consists of hollow cellulose fibers dis
persed in a resin, lignin. The strongest 
of all man-made materials are the stiff, 
single-crystal filaments known as whisk
ers, particularly those of silicon car
bide, graphite and other light covalently 
bonded compounds and elements. Glass, 
ceramic and metal filaments can also be 
used. An analysis of the strength of such 
composites is given under the simplify
ing assumption that bonding to the ma
trix is good. Fibers produced by a com
plex graphitization of a synthetic textile 
fiber have a stiffness twice that of pi
ano wire. The notorious compressor-fan 
blades of the Rolls-Royce RB211 en
gine, made for the Lockheed Tristar, 
were the first major use of carbon-fiber
reinforced epoxy. The light, stiff blade 
saved a great deal of weight, since the 
design of the entire engine reflects the 
stresses on its outermost row of blades. 
Impact toughness was lacking, however; 
water drops eroded the blade surfaces, 
and the engine could not swallow with
out damage a bird large enough to meet 
the safety standards. Rolls Aeroengines 
fell to the receivers and Lockheed tot
tered. Here are photographs of a golf 
club and a squash racket made of this 
same light, strong material; they work 
admirably. The future will see slow but 
steady progress, the authors predict. 
"Spectacular advances can result in 
spectacular retreats." 

These books and their kin are a valu
able resource for the engineering library. 
Any reader with technical interests can 
profit from the ones close to his concern. 

THE PSYCHOLOGY OF ANOMALOUS Ex-
PERIENCE: A COGNITIVE ApPROACH, 

by Graham Reed. Hutchinson & Co. 
Ltd. (2.50 pounds). Unusually readable, 
this small volume by a Canadian profes
sor of psychology orders and illuminates 
a diverse and profound collection of psy
chological problems. That is not to say 
the problems are solved; indeed, the 
whole force of the book leads to a reali
zation that we are at the beginning of 
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insight into questions as subtle as those 
raised by absentmindedness, hallucina
tion, the "tip of the tongue" experience, 
dCia vu and delusions. The reader will 
find no graphs, no equations, no bio
chemistry, hardly a number. He will find 
no puzzling over the emotional reactions 
to ancient and unconscious stresses of 
childhood. He will find no invocation of 
other worlds to which a sip or a smoke 
can bring partial entry. What he will see 
is a straightforward logical argument, 
based on direct experience and on the 
literature of experiments with patients 
and less disturbed people. Introspective 
verbal reports form key parts of the evi
dence. It all reads like the old psychol
ogy, but there is a difference. The text 
is explicitly based on the European 
writers, such as Karl Jaspers, who have 
stressed to the point of a systematic phi
losophy the distinction between the con
tent of psychological experience and its 
form. "One man believes that he is being 
ruthlessly pursued by Goldfinger, whilst 
another believes that he is Portnoy's lost 
twin brother." This difference may give 
insight into psychic development, per
haps even into therapy, but it does not 
explain the phenomenon of delusion. Do 
the men hold their beliefs with unshak
able conviction? Such a question may 
throw more light on the pattern. 

Take hallucinations. These may ap
pear to any of the senses, or even to in
ternal sensations such as proprioception. 
One hears of the "cocaine bug"-an im
agined insect crawling on the skin-or 
the insistence that the patient's liver has 
been eaten away. Induction of these 
states by drugs and by sensory depriva
tion are now well known. Here Reed is 
skeptical. Deprivation indeed reduces 
the noise level of normal perception 
against which imagery can appear. Im
ages under sensory deprivation seem 
more related to the imagery of the drow
sy and the newly awakened. In both 
models the strict criteria that might dis
tinguish true hallucination are not gen
erally applied. Hallucinations lie for this 
author between illusions on the one 
hand and unusual schemes of categoriz
ing on the other. It is the absence of 
recognition of the subjectivity of the 
perception that makes the difference. 
The unreal perception is not itself the 
heart of the matter; it is the belief in the 
external correlate that marks the true 
hallucination. A circular case is cited. An 
old lady was very disturbed by the smell 
of the poison gas her evil neighbor 
pumped into her parlor. No one else 
smelled it, she was assured. Her enemy 
was so ingenious, she retorted, that his 
gas was odorless! Her experience was 

thus no percept at all, but a projection 
from internal ideas. 

So too with delusions. Again the con
tent may be varied, but the form remains 
more nearly fixed and is primary. In de
lusion the environment presents a world 
of new meanings, said Jaspers. As an 
oversimplified example, Reed suggests 
we consider a box on the table. Normally 
we perceive and classify it appropriate
ly, in a useful hierarchy of relations. But 
suppose, with all our skills at perceiving 
boxes, colors, people and the rest, we 
have suffered a single "slippage" in our 
scheme. The box is now primarily classi
fied as "Thing which may hurt me." It is 
now easy for the remaining, quite intact 
reasoning to suggest that the box is filled 
with high explosive or is radioactive or 
is merely a symbol of evil intent. It is not 
so much what we believe that is impor
tant to delusion but rather how we be
lieve it, believe it strongly enough so 
that we search experience to find among 
familiar structures a novel fit for the 
novel meaning. 

There is the ring of solid metal here. 
A natural-science reader might hesitate 
to accept this entirely non-neurological 
level of discourse as final, yet he can 
begin to see how a relatively local dis
order in the function of mind, perhaps 
one day to be correlated with a local 
condition of the brain, might induce out 
of a life's experience a complex system 
of delusion. The crucial point of the 
book is that we do not function as re
corders or cameras. We function by ac
tively assembling a tiny sample of the 
richness of cues the world gives us into 
our working model of that world. We act 
as problem-solvers as much with respect 
to attention, perception, imagery or 
memory as when we weigh conclusions 
consciously. Anomalous experience im
mediat�ly enters the continuum of con
structive, problem-solving, interpreting 
processes. Dcia vu needs no reincarna
tion; "seeing" someone who is not pres
ent or feeling that one is being followed 
needs no spirits. We must expect dis
crepancies in our constructions; we find 
them within ourselves and with others, 
and surely with the fullness of the world. 

Altogether this is a book for the 
thoughtful, lying within psychology at 
its frontier with philosophy. Its clear sur
vey of fact and experience is in itself in
teresting and novel. The experience of 
the Doppelgiinger-the encounter with a 
hallucinated image of oneself-is fre
quent among great poets and novelists. 
Dcia VU, its opposite iamais vu and the 
living double are related in l'illusion des 
sosies. (Sosie is French for "double.") In 
this bizarre phenomenon an individual 

© 1973 SCIENTIFIC AMERICAN, INC



Anatomyofa 
Nikon Camera 

Most Nikon photographers are con
tent to enjoy their cameras for what 
they are, magnificent picture-taking 
instruments. But just what kind of 
technology is engineered into a Nikon 
that makes it perform so responsively, 
so precisely, so reliably year after 
year? The data is quite extensive and 
in some cases, confidential. 

However, Nikon engineers came up 
with a different way to show some of 
the reasons for its superiority. They 
cut a Nikon in half, with a diamond
blade saw. It revealed an image of 
ingeniously purposeful precision - of 
wondrous complexity that 
belies the natural ease 
and speed with which 
the camera operates. 

Precision threading: 
expensive, and 
important 
Note the profusion of 
finely threaded com
po"nents. The elements 
of every Nikkor lens, 
for example, are secur
ed by threaded retain
ing rings, rather than by 
friction as they are in lesser 
lenses. Further, every screw 
is threaded into the part it is 
holding, not simply tightened against it. 
And, because screw holes are drilled 
before lens elements are mounted, 
you'll never find metal burrs inside a 
Nikkor lens. Precision of this sort is 
costly but the only real way to assure 
the permanent alignment accuracy 
required for such consistently sharp 
pictures, year after year. 

The mount can make 
or break the lens. 

One place a Nikkor lens has no 
threads is where it attaches to the 
camera body. Some cameras still 
have screw mounts which make 
changing lenses a slow process. Others 
use a breech-lock ring which can be 
mistaken for the aperture ring and 
allow the lens to come off acciden
tally. In contrast, the Nikon bayonet 
'iystem requires only a quick 1/6 
turn to remove a lens or lock it 

securely to the camera. The precision 
with which the body and lens are 
mated makes Nikon one of the very 
few cameras to accept an interchange
able fl.2Iens. (The extremely shallow 
depth-of-field of this lens demands 
meticulous mounting accuracy.) 

Complexity that 
makes seeing simpler 

Around the finder screen and prism 
you'll see a great deal of complex 
mechanics, quite unlike an ordinary 
single lens reflex. That's because, on 
the Nikon, both finder and finder 
screen are interchangeable. Naturally, 
this requires flanges and catches and 
releases which most cameras don't 
need. But as a result, you have your 
choice of any of 18 different finder 
screens and six different finders. You 
can tailor your choice of screen to the 
lens you're using, the subject you're 
shooting and the amount of light fall
ing upon it. You can choose a finder 
that's perfect for ground level, 
action, available light or any 
other kind of photography. 
So you never have to 
compromise your view 
of the image. And that, 
after all, is really the 
great advantage of the 
single lens reflex system: 

to be able to frame and focus on 
any subject, near or far, quickly, easily 
and accurately. 

Hatter film means 
sharper photographs 
It's the function of the pressure plate 
to hold the film perfectly flat. Actu· 
ally, it doesn't do that completely in 
any 35mm camera. Nikon designers 
have taken an extra step. The film 
winds onto the takeup spool in re
verse, which counteracts the film's 
natural curl. The result is measurably 
flatter film and, as a direct result, 
sharper photographs. This reverse 
wind also pulls the film around the 
sprocketed roller instead of just across, 
so more sprockets are engaged and 
it becomes much less likely that you'll 
ever rip any sprocket holes out of the 
film, no matter how energetically you 
operate the winding lever or how fast 
a motor drive winds the film. 

These are only a few of the design 
innovations harbored within Nikon 
FTN and F2 cameras. If space per
mitted, we could give you dozens of 
other insights into the care and in
genuity which is lavished on these 
exceptional cameras. Pick up a whole 
Nikon at any dealer, release the shut
ter, operate the winding lever, inter
change the lens, the finder, the finder 
screen and you'll have some appre
ciation of the precision machining 
and assembly which also goes into 
every Nikon. (If, however, you'd like 
to see the actual cutaway camera, 
visit Nikon House in New Y ork City, 
where it's on display, along with half 
Nikon movie and Nikkormat cam
eras.) Or write, and we'll send detailed 
literature. Nikon Inc., Dept. SA, Gar
den City, NY 11530. Subsidiary of 
Ehrenreich Photo-Optical Industries, 
Inc lBrnB(Canada:Anglophoto Ltd.,P.Q) 
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recognizes all the attributes of another
say a wife or a husband-but insists nev
ertheless that the person is an impostor 
or a double. Many more such remark
able states are cited, some bizarre in the 
extreme, some familiar in daily life. The 
entire work is a fascination. 

.NRPLANES: FROM THE DAWN OF 
FLIGHT TO THE PRESENT DAY, by 

Enzo Angelucci. Color illustrations and 
design by Marco Rota. McGraw-Hill 
Book Company ($14.95), Three specific 
groups these days seek to know some
thing about particular airplanes. The 
newspaper reader or television viewer, 
anxious enough about the headlines, has 
reason to learn the nature of the Sky
hawk or the Sukhoi alluded to by the 
wire-service reporter who has seen it 
whizzing by. Then there is the amateur 
of design history, for whose benefit many 
volumes of hard-edged color drawings 
of aircraft types "in the markings of the 
Royal Nepal Air Force" are prepared in 
loving detaiL This group' comes close to 
the builders of scale models, and may in
deed overlap with them. Authenticity 
and completeness are their goals, al
though it is form they model, not func
tion. Finally, students and readers in 
general share a historical interest, almost 
an antiquarian one: How did these fast
evolving creatures of a man-made evolu
tionary process look long ago? 

This big, handsome reference book, 
with a knowing text by an Italian pub
lishing executive and aircraft buff, 
drawings in color by Marco Rota and 
black-and-white drawings by an entire 
team of artists working with him, is 
translated from an Italian edition of 
1971. It effectively straddles the special 
needs of all the groups mentioned. More 
than 900 species of aircraft are pictured 
in small, neat drawings, usually viewed 
from a single convincing angle instead of 
in the rigidly perpendicular mechanical 
views of the usual technical artwork. 
The current-events follower can study 
the Sukhoi Su-7B ground-attack plane, 
or any other expensive modern weapon, 
up to the F-15 and the Panavia 200 
Panther, which were prototypes in 1973 . . 

The nostalgic can see the Red Baron's 
Fokker triplane ("an insoluble problem 
in the wing structure") or the Bh\riot XI, 
first across the ChanneL The text is a 
good mix of nostalgia, analysis and nar
rative detaiL Every airplane drawn is 
given a tabular line describing its size, 
engine, builders, dates and performance. 
A few pages present a score each of 
charming postage-stamp-size drawings. 
The most interesting is one that shows in 
color the pre adaptive history of aircraft, 
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before anything but balloons flew, from 
Father de Lana's evacuated copper balls 
to Tom Edison's flying ship of 1880; 
these "dreams and visions between 1670 
and 1880" have no entries in the factual 
tables. Only general aviation today is 
somewhat slighted; the military, the air
lines and the big private jets and turbo
props are here in all completeness, but 
the little Cessnas and their kin in the 
tens of thousands are represented on two 
agreeable pages only by 35 drawings 
of light planes from all over the world. 
(The few most famous balloons and dir
igibles sneak in somewhere too .)  

P ORTABLE WORLD, edited by Barbara 
Guilfoyle. Photographs (unless other

wise noted) by Bob Hanson. Museum 
of Contemporary Crafts, New York ( $3 ) .  
Right at  you from the front cover hops 
a cool young man on a one-cylinder 
internal-combustion pogo stick (a Hop 
Rod), his ears grasped by an FM headset 

IN A WORLD aONE METRIC
THE 941 M HAS THE ANSWERS. 
The new M ITS 941 M handheld calculator/metric converter 
offers 41 functions and 
memory. 

36 metric to U.s., U.s. to metric 
functions: 
e8 length e6 l iquid e8 Volume 
e8 Area e4 Mass e2 Temperature 
5 Arithmetic: Add, subtract, 
multiply. divide. percentages. 

FEATUR ES: FULL 
OPERATION MEMORY 
Can be used as : 
1 .  A constant . 
2. A temporary storage register 
3. An accumulator 

• Algebraic mode of entry • 
Floating decimal • Leading 
and tra i l i ng zero suppress ion • 
8 digit display • Automatic 
display ' cutoff (to conserve 
battery l ife!. "'Prices subject to 

change without notice . 

INDICATORS: 
• Low battery . Overf low 

.True credit balance s ign 

PRICES: 
Assembled • . .  $149.95 
Kit • . . . . • . . .  $129.95 
Accessories: 
AC Adapter . • .  $6.95 
with N iCad batteries 
and recharger . . $ 1 5 .00 
WARRANTY: 
KIT: N inety day · on parts . 
ASSEMBLED: 2 years on 
parts and labor . 
Size: 
146.05MM x 82.55MM 

x 38.1OMM 
[5�" x 3%" x 1 %"1 

.- - - - - - - - - - - - - - - - - - - - - - - - - - - - - � radio, flashlight glasses flanking his eyes, 0 Enc losed ,s a Cheek fo' S � I 
fishing vest and army belt crammed, fur- 0' 0 BankAmene"d ' <: 1  

) d h S k if d or 0 Master Charge � ___________ "'I 
nis le \vit crimson \viss n '  e, og- C r e d i t  Card e x piration Date AcceSSOries I 
repelling flashlight, emergency neck Include .3 00 100 PoSfage and Handl'ng 0 AC Adaple' I 

Mode I 941M ___ 0 Kit D Assembled 0 N I Cad batteries I 
pendant containing a supply of jnsulin 0 Please Send Informalion on Entire MilS Line. and recharger 

: 
and syringe and red-trimmed Lectra-sox. ���!E S S  : 
These modern ingenuities do not over- 1321 l ... , 11.£., Albuqu,,",ue, New Mexico 87108 C I TY : 
shadow the photographs within: a par- 5G5IH5-7553 Tole. Numlm 660401 STATE & Z l P  I 
Heche, a yurt or an old folding feather- 1_---=��������������-:.:'=.l':':;:�"=.:=·:=in:.=. N-=. ' .=.�=I:=q:=''..=".=:�=:=:=ie:='�=' DI=-=:=5�=':'=15=:=::=:=:'�"-=o"�:�-=,,,� 
bed-in-a-chest. George vVashington was 1-
the lucky owner of that leatherboulld 
metal bed, a gift from an admirer. Pho
tographs of objects as simple in form as 
the tiny mountain stoves and lanterns or 
as complex and elegant as the television 
set with l lf-inch screen or the pocket 
calculator, or conscious works of art such I 
as the colorful abstract-applique nylon 
sleeping bag, fill the large pages of this 
slender exhibition catalogue devoted to 
the artifacts that accompany ancl nour
ish human movement. The exhibit, ar· 
ranged by Barbara Bullock, comprised 
five categories: historical, body exten
sions, indoor, outdoor and shelter and 
vehicles. All these sections are sampled 
by the photographs ; the list of the entire 
exhibit is even more enticing to a reader 
prepared to travel or to imagine travel. 
Anyone with admiration for design will 
be pleased by the solutions offered in 
times past and present to the challenges 
of portability, as old as the days when 
all humans gathered food over open 
plains or as new as Skylab. This is no 
technical work; the objects shown are 
identified carefully but described with 
only a few words. It is a lighthearted 
and yet serious celebration of mobile 
humanity, one paying no more attention 
to the practical than to the symbolic and 
decorative needs of the rolling stone. 

The inspiring 
story of human 
exploration -from 
the Stone Age to 
the Space Age 

M a n ' s  e n t i re h i story of 
search a n d  d i scov
e ry i s  b r i l l iant ly  
p robed i n  t h i s  fas
c i nat ing book.  
Contemporary 
maps at 
each stage 
of e x p l o rat ion 
s h ow how the 
worl d was c o n 
ce ived of at t h o s e  
t i mes .  8%" x 1 2" .  

ATLAS OF 
DISCOVERY 
By Gail Roberts 
I ntrod uct ion  by 
S i r  Franc i s  C h i chester  
$9 .95 ,  n o w  at y o u r  bookstore,  o r  s e n d  
c h e c k  o r  m o n ey o r d e r  to C R O W N  
P U B L I S H E R S .  4 1 9  Park Ave . S o u t h .  
New Y o r k .  N . Y. 1 00 1 6  �_ 

"'t/I� 

VACANCIES 

T H E  SCIENTIFIC AN D 

TEC H N ICAL R ESEARCH 

COUNCIL OF T U R K EY 

R e q u i res T u r k i s h  s c i ent i sts 
as research workers in  a l l  b as i c  
a n d  a p p l i e d  s c i e n c e s  a t  t h e  
M armara S c i e n t i f i c  a n d  
I n d u st r i a l  R e s earch I n st i tute of 
I st a n b u l  and B u i l d i n g  R e s e a r c h  
I n st i tute , A n kara .  E x p e r i e n c e d  
fore i g n  ex p e rt s '  a p p l i cat i ons  
wi l l  a l s o  b e  con s i d ered 

A g e n e rou s s a l ary 
d e p e n d ent on q u a l i f i c a t i on s ,  
a b i l i ty a n d  ex p e r i e n c e  wi l l  b e  
offered t o  s u i ta b l e  c a n d i d ates . 
P l ease a p p l y  to :  

Secretary-General  
Ataturk Bu lvari  No. 225 
Kavakl idere-Ankara 
Turkey 
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On the test track. Picture taken at 90 mph. 

The 450 SE Sedan. 
This is the car that ntay finally prontpt you 

to invest in a Mercedes-Benz. 
It's only human. You see a Mercedes-Benz go 

by and think to yourself, "one of these days ... " 

Now comes the 450SE Sedan. An automo
bile so enlightened in its concept and crafts
manship that it may finally prompt you to in-
vest in your first Mercedes-Benz. 

"The best sedan in ........-:::::::::=----f='"'=== 
the world;' said Road 
& Track magazine. 
Autoweek's editors con-

ity. And this full 5-passenger sedan has a turning 
circle only 38.0 feet in diameter. 

The fully independent rear suspension is 
exactly like that of the famous 450SL sports car. 

A coil spring and gas-pressurized shock 

ill.\\\\\ 
absorber mate each wheel 

=n====��\tm�=I to the surface of the road. 

sider it "certainly the Front suspension adapled from experimental C-iii. 

Remarkable handling 
is the result. So remark
able, that the Mercedes
Benz engineers consider 

most exciting sedan in the world ... so far ahead 
of its time it leaves us stunned:' 

The 450SE is powered by a unique engine. 
One which gives you better than 25 percent more 
power per cubic inch and better fuel economy 
than any domestic luxury car. 

The secret is a 4.5-liter overhead-cam V-8 
with electronic fuel injection. There is simply 
nothing like it in any other sedan in the world. 

Suspension better than ever 

Considering the Mercedes-Benz reputation for 
handling, that is quite a statement. 

The front suspension of the 450SE is a direct 
lesson from our I80-mph experimental C-lli 
Coupe. Its zero steering offset gives this latest 
Mercedes-Benz remarkable straight-line stabil-

the 450SE their best handling sedan ever. 

The safest sedan in the world? 

Mercedes-Benz would never say that. But the 
experts at Autoweek had no qualms. They called 
the 450SE "the safest car in the world available 
to the public:' 

No automobile manufacturer anywhere in 
the world is more concerned with safety. No one 
else has been more active in making it a part of 
his product for as long a time. 

Mercedes-Benz has always aimed to build 
not just successful automobiles, but significant 
automobiles. That has been achieved 

~ 
in the 450SE Sedan. What awaits 
you now is the most remarkable 
driving experience of your life. 
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Today, nuclear power supplies 
5% of America's electricity. 

Tomorrow, it could supply over 50%. 
We need to reach this goal 

as soon as possible. 

Energy from the atom is one of our 
country's most promising sources 
of power. 

Ten years from now, nuclear 
energy should be generating about 
one-third of our electrical power. By 
the year 2000, over half of it will 
probably be supplied by nuclear 
energy. 

Where uranium is found. 
Uranium ore is the raw material for 
nuclear fuel. So far, the commercial 
deposits of uranium that have been 
found in America are in the western 
states. 

One of the largest deposits dis
covered in recent years is the site 
of Exxon's Highland Mine near 
Casper, Wyoming. Here, we are 

removing over 14,000 tons of ura
nium ore a week. 

Once the ore is mined, we extract 
the uranium from the ore and turn it 
into a fine powder known as 
"yellow cake." 

It is then converted into a gas 
and sent to plants run by the Atomic 
Energy Commission. Here, the fis
sionable, or energy-producing, 
component is concentrated. This 
process is called enrichment. 

The fuel for a reactor. 

We make the enriched uranium into 
fuel for reactors at Exxon Nuclear 
Company's plant in Richland, Wash
ington. 

First, we convert it into pellets 
about twice the size of an aspirin 

This is Exxon's uranium mine in Wyoming. When the surlace mining is compleled, most 01 the 
area will be lilled in, contoured and planted to match the rest 01 the countryside. Grass, wild
flowers and shrubs that Exxon planted are already growing on much 01 the earth that has been 
excavated Irom the mine. 

A singfe tiny pellet of enriched uranium 
can generate as much energy as 150 gal
tons of fuel oil. Thousands of these pellets 
go into a nuclear fuel bundle. A single 
bundle can generate enough electricity to 
run 4,000 average-sized homes. 

tablet. After numerous checks for 
precise weight, size, shape and uni
formity, the pellets are sealed in zir
conium or stainless steel tubes. The 
tubes are then grouped together in 
a precise geometric pattern to form 
a fuel bundle or assembly. 

When these assemblies have 
passed several thousand checks 
and inspections, they are shipped 
to nuclear electric-power generat
ing plants. It takes about 600 assem
blies to make up the core or heat 
source of a nuclear reactor. And 
s u c h  a r e a c t o r  c a n  g e n e r a t e  
enough electricity to run a city the 
size o'f Boston. 

Making nuclear power 
more plentiful. 

Exxon is currently working on sev
eral projects to expand the availa-
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An engineer at Exxon Nuclear Company shows a young visitor how a luel bundle is assembled. Dozens of zirconium or stainless steel tubes are 
filled with uranium pellets, then grouped together to form a nuclear fuel bundle. As many as 600 bundles make up the core or heat source of a reactor. 

bility of nuclear energy. 
One involves the use of pluto

nium to conserve uranium ore. Plu
tonium is a by-product of today's 
commercial nuclear reactor. By sub
stituting plutonium for uranium, the 
same amount of nuclear fuel can be 
produced while saving uranium. 

In another project, Exxon Nu
clear and General Electric Com
pany have announced a jOint study 
of the technology and economics 
of uranium enrichment by private 
industry. 

All enrichment is now done by 
the Atomic Energy Commission. 
As the demand for enriched ura-

nium grows, private industry may 
take on part of this job. 

What's delaying nuclear 
power? 

Today only 5% of America's elec
trical power comes from nuclear 
plants. The figure is small because 
the construction of new plants has 
been delayed. Environmental objec
tions, labor shortages, technical 
problems, late deliveries of special
ized equipment and changes in reg
ulatory procedures have all taken 
their toll. 

As these matters are resolved, 

we will begin to depend more and 
more on nuclear energy to produce 
the electricity to run our factories 
and heat and light our homes. 

Making America more self-suffi
cient as an energy-producing na
tion through the wide use of nuclear 
power will not be an easy job. But 
Exxon believes we need to reach 
this goal as soon as possible. 

El)(ON 
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