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Evaluate complicated functions. 
Calculate transcendental functions. 

Find the roots of: F(x) = O. 
Find numerical solutions to ordinary differential equations. 

Invert and multiply·matrices. 
Solve simultane ous algebraic equations. 

Integrate a function between arbitrary limits. 
Determine best-fit values for statistical samples. 
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Texas Instruments SR-S2. 
224 program locations. 

Twice the user-defined keys. 
Twice the memory registers. 

But half the cost 
of the only other programmable in its class.* 

Complex repetitive problems or 

lengthy calculations that once 

took hours can now be solved in 

seconds. And the chances of entry 

error are dramatically reduced. 

The SR-52 allows you to record 

up to 224 keystrokes to perform 

your calculations - your way. Pro

gramming is simple and straight

forward. What's more, prepro

g r a m m e d  c a r d s  a r e  a v a i l a b l e  

which can b e  integrated into your 

problem solving routines. 

Easy Lef t-to-Right Algebraic 

Entry. Enter calculations exactly 
as you write them. The SR-52 com

bines a 3-level algebraic hierarchy 

with 9 levels of parentheses. This 

lets you enter problems containing 

up to 10 pending operations (three 

times the capability of the only 

other machine in its class). This 

means you don't have to 

presolve the problem or 

search for the most ap

propriate, efficient order 

of execution. The SR-52 

does this automatically. 

a program transfer is made. 
• Program Levels (3). A main pro

gram can call up to two levels of 

subroutines. 
• Labels (72). Name program 

segments. 
• Indirect Addressing (2 modes). 

Extends versatility of all mem

ory-reference and branching 

instructions. 

Trial-run your program. Editing 

and "debugging" are easy. Move 

through problems a step at a time, 

forward or backward. Add more 

steps. Delete. Or write over steps. 

Then record. 

Run Mode. Load a magnetic card. 

This puts the card's contents in 

memory. Insert the card above the 

5 user-defined keys representing 

10 functions. 

Enter numbers directly into the 

Learn Mode. Teach 

the SR-52 your personal 

approach to problem 

solving. Simply key-in 

your problem left-to
right as you would in 

calculate mode, using 

the following options for 

precise control: 

Complete software ... 
and soon, an optional 
printer. 

program. Or into one or more of the 

20 addressable memory registers. 

Or both. 

Execution is completely auto

matic. A program runs until it 

encounters a halt, which may be 

part of a program or a keyed-in 

interruption. 

Repeat a program as often as 

needed. Change values of your 

variables. Solve for different un

knowns. The stored program is 

unaffected. 

With the SR-52 comes a Basic 

Library Program Manual and 

preprogrammed cards: Factors of 

an integer. Complex arithmetic. 

Reconcile checking account. Ordi

nary annuity. Permutations and 

combinations. Means and mo

ments. Random number genera

tor. Hi-pass active filter. Low-

pass active filter. Dead 

reckoning. Hyperbolic 

functions. Trend line 

analysis. Solution of 

quadratic equations. 

Conversions. Game. 

Additional Libraries 

may be purchased sepa

rately: Statistics. Math. 

Electrical Engineering. 

Finance. And more are 

on the way. 

• Preprogrammed "if" 

S t a t e m e n t s  ( 8 ) .  

Mak e s  a d e c i s i o n  

based on the condi

tion of the display. 

Accompanying an SR-52: 
Operating guide. Compre
hensive owners manual. 
Basic library of prere
corded programs, diagnos
tic cards and head cleaner 
in carrying case. Basic 
library manual. User in
struction & coding forms. 
Blank magnetic cards. 
Fast-charge battery pack. 
AC adapter/charger. Stur
dy vinyl carrying case. 

SR-52 lock-in printer. 
(avaiiable early 1976) 

Calculate Mode. Oper

ated manually, the SR-

52 is one of the most 

powerful calculators 

available today. 

• Decrement and Skip 

on Zero. Lets a seg

ment of code be re

peated a specified 

number of times. 
• User-defined Flags 

(5). Determines the 

condition under which 

... Based on suggested retail prices 
CUJ'rent at time of this printing. 

• Print out an entire 
program. 

• Print calculate mode 
results. 

• Print instructions or re
sults without halting 
program execution. 

• Trace program execu
tion step by step for 
error detection. 

TEXAS INSTRUMENTS 
INCORPORATED 

For more information. 

See your TI calculator 

retailer. Or send for 

new b r o c h u r e .  Write 

Texas Instru ments, 

MIS 358, 

Box 22013, 

Dallas, 

Texas 
75222. 

©1975 Texas Instruments Incorporated 
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western Electric 
Reports: 
Ion implantation 
with a new twist. 

W
estern Electric produces millions of semi
conductor components a year for use in Bell 
System telecommunications equipment. 

An essential step in the process is "doping" - introducing 
a precisely controlled impurity into the semiconductor 
material to alter its electrical characteristics. Until 
now, that's generally been done through diffusion 
techniques which entail masking a semiconductor 
wafer and "baking in" impurities - basically 
a broad brush process. 

Ion implantation: a gas is 

MASS 
ANALYZER 

Be!1 Labs engineers felt that using ion beams to 
implant the dopants would be better than diffusion 
techniques. Ion implantation would improve the 
performance of some existing devices and would 
permit the design of new devices that require very 
precise control during manufacture. 

Ionized. fans are drawn into a r-;';-;;��::::;;;�;;;���=-�-1 beam,-mass selected and 
implanted into target wafers. 

But until recently, conventional ion 
implantation systems had serious drawbacks for 
heavy doping of wafers at fast production rates. 

Electrical systems, in which a moving beam 
scans a stationary wafer, tolerate only relatively 
low currents before the beam starts to spread apart. 
And low currents mean low production rates. 

Mechanical (x-y) systems in which wafers are 
moved back and forth across a stationary beam, can 
use high currents but are unacceptably slow 

Now, engineers at Western Electric's 
Engineering Research Center in Princeton, N.J. 
have developed a new rotating mechanical 
scanner that overcomes the low speed limitation 
while still accommodating a high beam current. 

The heart of the rotating scanner is a 20-inch 
aluminum disc which holds 60 silicon wafers 
in concentric rings. The disc rotates at about 1000 rpm 
as it moves from side to side through the path 
of a stationary ion beam. The beam traces 
a long overlap spiral on the disc. 

To ensure uniform dosage, a digital control 
system adjusts the speed of the disc's 
side-to-side motion as the spiral moves 
toward the center of the disc. 

Benefit: Rotating ion implantation 
techniques are one more manufacturing 
innovation that allows the Bell System to 
meet your communications needs reliably 
and economically. 

With the rotating 
mechanical scan method, 

a 3-inch silicon wafer 
can be implanted in a few 

seconds. Conventional x-y 
mechanical scans require 

about a minute. 

@ 
Western Electric 
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/ 

.. / 
AXIS OF 

ROTATION 

ROTATING SCAN PRINCIPLE 

The scanning device is a 
disc which spins on an axis 
parallel to the ion beam. The 

second direction of scan 
is provided by translating the 

entire rotating disc in the 
plane of the disc and 

perpendicular to the beam. 

Ion implantation techniques 
are used in the manufacture 
of semiconductor devices used 
throughout the Bell System from 
switching and transmission 
gear to terminal equipment. 
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Some people say that my father, 

August, is old-fashioned and just 

plain stubborn. He insists on 

making our wines in the un

hurried, old-world way of his 

forefathers. N.atu rally, he has 

adopted some of the modern 

t ec h n iq u es that make wine

making chores a little easier, but 

when it comes to taking short 

cuts, my father just won't budge. 

Sebastiani wines are still soft

ened and mellowed in redwood 

casks, then further aged to the 

peak of maturity in small, oaken 

barrels. It takes longer and is 

costlier, but it makes the differ

ence between good wi nes and 

great wines. It's a family tradition 

of three generations. 

Bec a u s e  my father won't 

change his ways, you can depend 

on the quality of our wines, and 

we wouldn't have it any other 

way. You won't either after 

you've tasted Sebastiani wines. 

If you would like to learn more 

about them and how they are 

made, I'll be happy to send you 

our free newsletter. Sam J. Sebastlanl 

�/�..c;;;. 
Sebastiani 

THE COVER 

The picture on the cover is a section through the chest of a living human 
subject made by the technique of reconstruction from projections (see 
"Image Reconstruction from Projections," page 56). In that technique a 
series of X-ray exposures made from different angles around the body are 
combined by computer to present a cross-sectional picture on the screen of 
a cathode-ray tube. In the picture on the cover the chest is seen as though 
it were viewed from above the subject's head. The dark spaces to the left 
and right are the lungs. The large red area in the middle is the heart. The 
white areas are bone; below the center is the spinal column, and around 
the lungs are sections through the ribs. In general the tomato red areas are 
muscular tissue and the lavender areas are fatty tissue. The branched areas 
in the lungs are blood vessels and bronchi. The picture was made (by the 
Delta Scanner built by Ohio-Nuclear, Inc.) in the course of a study that was 
conducted by Ralph J. Alfidi, M.D., of the Cleveland Clinic Foundation. 
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As your introduction to membership in the BOOK-OF-THE-MONTH CLUB® 

The most comprehensive encyclopedia 
of philosophy ever published ... 

FOR ONLY 

$t750 �������::�:: �!�L. � year at substantial savings 
on most books you choose. 

PUBLISHER'S LIST PRICE: $99.50 

The complete contents of the original 
eight-volume $219,50 edition now in a 

handsome four-volume reader's edition 

ONE OF THE GREATEST repositories of philo
sophical information available anYWhere, 

The Encyclopedia of Philosophy is the only major 
philosophical reference work published in English 
since 1901. 

In this unique 5,000,000-word work can be 
found clear, authoritative answers to almost any 
question concerning philosophy - ancient, medi
eval and modern, Eastern as well as Western. And 
because the work represents the collaboration of 
more than 500 philosophers and philosophical 
scholars from twenty-four countries, every shade 
of opinion is represented. No thinker or move
ment is dismissed as too radical, no issue is scanted 
as too controversial. There are articles, for exam
ple, that discuss such contemporary matters as the 
ethics of sUicide and euthanasia and the benefits 
and dangers of computing machines. 

Clearly, The Encyclopedia of Philosophy be
longs in every personal library, particularly in 
homes where there are high school or college stu
dents. Up to now its high price has kept it out of 
the reach of most families. But, as a new member 
of the Book-of-the-Month Club, you may own it 
for less than a tenth of the cost of the original 
eight-volume edition. Because only a limited num
ber of sets have been set aside for this offer, you 
are advised to act quickly. 

SPECIAL FEATURES AND EDITORIAL FACTS 

·4200 pages 

• 5,000,000 words 

• Nearly 1500 articles, 
including 900 on 
individual philosophers 

• I 58-page index 

• Paul Edwards, editor 
in chief 
• Editorial Board of 153 
international scholars 
• ContributOFS: 500 
specialists from 
twenty-four countries 
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I me Ihe four-volume reader's edition of The Encyclopedia of Philosophy. 

I billing me $17.50. I agree to buy at least four Selections or Alternates 
during the first year I am a member, paying in most cases special mem
bers' prices. My membership is cancelable any time after I buy these 
four books. A shipping charge is added to all shipments. 
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LETTERS 

Sirs: 
Although I found your July article 

"The Accuracy of Strategic Missiles," by 
Kosta Tsipis, interesting, I must take ex
ception to his conclusions. He asserts: 
"Nuclear weapons require a small error 
radius only if they are intended to be 
very accurate against hardened missile 
silos. Nuclear weapons intended for use 
against soft targets, such as industrial 
and urban complexes, airports, naval 
bases and transportation centers, do not 
exceed a small error radius to be effec
tive." These statements are not neces
sarily true. There are a num ber of hard 
military targets other than missile silos, 
such as buried command posts, nuclear
weapons storage facilities and subma
rine pens that nuclear weapons may not 
be effective against unless they are ac
curate. Secondly, some urban industrial 
targets are also quite hard (cracking tow
ers at oil refineries, blast furnaces at steel 
mills, hydroelectric plants, dams and 
transportation choke points such as tun
nels) and require accurate delivery of 
nuclear weapons for a high-confidence 
kill. . . .  
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It should be noted that many urban 
industrial targets are surrounded by 
large civilian populations. If effective
ness simply means "destroy the target," 
then large-yield, moderately accurate 
weapons might do the job. However, if 
a more refined definition of effectiveness 
means "destroy the target with minimum 
collateral damage and loss of civilian 
lives," then low-yield nuclear (or non
nuclear) munitions with high 'delivery 
accuracy are required for effectiveness. 

The conclusion that implementation 
of high accuracy will lead to "two pos
sible reactions on the part of the Rus
sians-launch on warning or resort to 
mobile land-based strategic missiles" is 
not necessarily true. There may be a 
third reaction, namely if the u.S. is in
creasing the flexibility of its forces so 
that small attacks against carefully se
lected targets with accurate low-yield 
weapons will be effective with minimum 
collateral damage, then the Russian re
sponse may be to estimate the numbers 
of attacking reentry vehicles and their 
potential targets (based on trajectories) 
before launching their ICBM's. This re
sponse would allow time for communi
cation, negotiations and deescalation. It 
is not likely that the U.S. would launch 
all its ICBM's if only a few Soviet mis
siles were launched at areas other than 
missile sites. Perhaps the Soviets would 
respond in a similar manner. 

The response of building mobile land
based strategic missiles is also not neces
sarily true. In fact, the Soviets might at
tempt to improve their force survivabil-. 
ity through several different approaches, 
including building harder silos, mobility 
(sea-based, land-based or airborne) or 
proliferation of aim points (empty silos 
or deception). Defense is ruled out by 
treaty. However, improved force surviv
ability has always been considered a 
stabilizing influence from a deterrence 
standpoint even if it is achieved by a, 
land-based mobile force. Admittedly 
some of these options are harder to mon
itor to ensure that one side or the other 
is not cheating on number counts. 

Finally, the suggestion that we should 
"freeze" the quality of our ICBM's is a 
very poor means for achieving stability. 
To paraphrase Murphy's law: "If it has 
been shown that a technology is feasible, 
evenhlally someone will demonstrate or 
use it." If the u.S. does not continue to 
develop its ICBM quality, the Soviets (or 
Chinese) may, and they could ultimately 
put the u.S. at a technological disadvan
tage. Even if both sides agreed to limit 
missile testing, it would not guarantee 
that improved accuracy will not be de-

veloped. Some improvement in accu
racy will come as nonguidance errors are 
reduced as a result of better definition 
of the shape of the earth and reduction 
of environmental uncertainties, without 
missile hardware or software improve
ments. Even advanced guidance con
cepts can be fully developed on the 
ground in laboratories with simulations 
of missile environments, trajectories and 
target signatures. Aircraft and other 
subscale flight tests can give sufficient 
confidence in a system for only a few 
full-scale flight tests to be needed for 
verification. After all, we went to the 
moon with only a limited number of 
flight tests. 

In summary, I feel the u.S. should 
continue to develop missile accuracy 
through aggressive research programs. 
We should not treat accuracy (the ability 
to hit an intended target) any differently 
from how we treat reliability (the ability 
to function as intended). Congress can 
control the implementation of improved 
accuracy in our missile forces on the 
basis of our needs to improve force flexi
bility or to respond to Soviet develop
ments. The fact that we know how to 
achieve high ICBM accuracy is not in 
itself destabilizing. On the contrary, its 
proper implementation and deployment 
can enhance our deterrent posture by 
increasing policy options through great
er force flexibility. 

WILLIAM C. YENGST 

Science Applications, Inc. 
La Jolla, Calif. 

Sirs: 
Mr. Yengst's letter closely echoes the 

arguments of Secretary Schlesinger in 
support of the strategy of counterforce. 
This strategy, first advocated in public 
by President Nixon and now supported 
mainly by members of the military
industrial complex and the defense 
"think tanks," is contrary to the policy of 
deterrence since it envisions preemptive 
attacks against the missile silos of an 
adversary. It is therefore outside the 
mainstream of established u.S. foreign
policy thinking. It has been interpreted 
by arms-limitation advocates as a strat
egy devised in order to find uses for the 
thousands of nuclear warheads accu
mulated in the u.S. arsenal and lacking 
credible targets in the context of deter
rence, or as a promotional activity need
ed to persuade Congress to find new 
industry-promoted programs for improv
ing the accuracy of U.S. ICBM's. Since 
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YOU HA VE BUT ONE LIFE 

doesn't it make sense to find out how 
to take the best care of it you can? 

execu ti ve health 
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Because you are not going to get out 

of this world alive, doesn't it make sense 
to learn how to live in it as long as you 
can? Never forget: "Men's lives are 
chains oj chances" but as Euripides saw 
clearly so long ago: "Chance fights ever 
on the side oj the prudent." 

Your only insurance against tomorrow 

is what you do today! To put it bluntly, 
the mistakes you make in your younger 
years are drafts upon your older years, 
payable with interest, some 30 years 
later. The so-called "diseases oj old 
age" are essentially the diseases of 50 to 
70; "the dangerous years." Medical re
search now indicates that men who 
survive these dangerous years without 
acquiring a chronic disease (such as 
heart trouble or cancer) are likely to live 
on another healthy quarter of a century. 

What keeps well people well? Medical 
men have long concentrated upon sick 
people and how to get them well ... not 
upon well people and how to keep them 
well. Now many top research scientists 
are concentrating their efforts on pre
ventive medicine ... how to keep well 
people well. 

May we suggest that you get the bene
fits of this new research for yourself? 
Do as so many thousands of executives 
do. Subscribe to Executive Health Re
port. The members of our Editorial 
Board are among the world's most dis
tinguished authorities on preventive 
medicine. Their wise advice can help 
you not only live longer but enjoy those 
extra years! 

EDITORIAL BOARD 
SIR HANS KREBS. M.D., F.R.C.P. (England), 

Nobel Laureate in Ph,Ji% g, ana Medicine. 
Emeritus Prolellor of BlOchemlllry, Oxford Uni· 
1ItrSify, Metabolic Reuarch Laboratory, Nu/lield 
Department of Clinical Medicine, RaJdijfe 
Infirmary, Oxford, England. 

RICHARD L. BOHANNON. M.D.. F.A.C.P .. 
Lieu/enan/-General, United Stales Ai, Force 
(Rel.)i Executillt Director, The Inslitute lor 
Aerobic} Research, Dallas, Texdl. 

GEORGE C. GRIFFITH, M.D .• EmerituJ ProfeJJor 
0/ Medicine, Uni1ltrJity 0/ SOllthern California. 
Pall President, American Col/ege 0/ Cardiology, 
Los Angeles, California. 

LEONARD, HAYFLICK. Ph.D .. Profmor of Medi· 
cal Microbiology, Stanford UnilltrJily School of 
Medicine, Stan/ora, California. 

ROGER J. WILLIAMS. Ph.D., D.Se .• Profmor 
of ChemiJtry, Co·founder and ConJultant, Clay
ton Foundation Biochemical Inslilule, The Uni· 
venity 01 Texas,' Past President, The American 
Chemica Society, Austin, Texas. 

ALBERT SZENT·GYORGYI. M.D .. Ph.D .• No· 
bel Laureate for Physiologl and Medicine, Lab
oratory of the Institute lor Muscle Research, 
Marine Biological Laboratory, Woods Hole, 
MaJJachuJetts. 

KENNETH H, COOPER. M.D., M,P.H .• Dirt(· 
tor, the Cooper Clinic,' President and Chairman 
of Board, The Institute for Aerobics Research, 
Dallas, Texas. 

JAMES F. TOOLE. M.D .. F.A.C.P .. The Walter 
C. Teagle Professor of Neurology, Bowman Gray 
School of Medicine, Wake Forest Uniflersity, 
Winston·Salem, North Carolina. 

HARDIN B. JONES. Ph.D .• ProfeJJor of Medical 
Physics and Physiology, AssiJtant Director, 
Donner Laboratory of Medical Research, Uni-
1Iersity of California, Berkeley. 

MARK D. ALTSCHULE. M.D .. ViJiting ProfeJ· 
sor of Medicine, Harvard Medical School,' Lec
turer in Medicine, Yale University; Staff Con· 
sultant, Boston City Hospital,' Attendin_& Physi
cian, BOJton Veterans Administration HospItal, 
Boston, AfaJJachuJetts. 

LINUS PAULING. Ph.D.. Nohel Laureate in 
Chemistry and in Peace; Emeritus Profenor of 
ChemiJtry, Stanford UniverJity, Stanford. Calif. 

HANS SELYE. c.c.. M.D .• Ph.D .• D.Se .• F.R.S. 
(C). Profenor and Director of the Institule for 
Experimental Medicine and Surgery, Universily 
of Montreal, Canada. 

ALTON OCHSNER. M.D .• Senior ConJultdnt in 
Surge!y, Ochsner Clinic and Ochsner Founda
tion Hospital and Emeritus Profenor of Surgery, 
Tlilane University School of Medicine, New 
Orleans, LA. 

SOLON PALMER. Jr .. M.D .. ScrippJ Clinic and 
Research FoundatIon, La Jolla, California. 

DEMETRIO SOOl-PALLARES. M.D,. Profmor 
of Medicine, Chief of the Department of Electro· 
Vectorcardiography, InJtitute Nacional de Car· 
diologia, Mexico, D.F. 

JOHN YUDKIN. M.D .. B.Ch.. Ph.D .. B.Se., 
M.R.C.P .• F.R.I.C.. EmerituJ ProfeJJor of Nu· 
trition and Dietetic!, Sir John Atkin! Labora
tarin, Queen Elizabeth Col/ege, Univer!ity of 
London, London, England. 
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AlMADEN 
SOlEM 
SHERRIES 
Almaden Flor Fino, light and 
bone dry, the perfect aperitif. 
Serve chilled. 

Almaden Cocktail Sherry, delicate, 
pale and dry, delicious on the 
Tocks. 

Almaden Golden Sherry, nutty 
and medium dry, appropriate 
before, during or after any meal. 

Almaden Cream Sherry, rich, soft 
and moderately sweet, delight
ful with cheese and fresh fruit. 

Almaden Vineyards, Los Gatos and Paicines. California' 

such improvements in accuracy are un
justiRable in the context of the existing 
strategy of nuclear deterrence, counter
force was invented to provide the ra
tionale for them. I do not have space 
here to examine the arguments of these 
two interpretations. I would only em
phasize that counterforce is by no means 
an accepted strategy, and therefore it 
is injudicious to argue, as Mr. Yengst 
does, by taking its validity for granted. 
Rather I should like to focus on the rea
sons that have persuaded me that re
straint in deployment of new strategic 
weapons is at this time a preferable 
course for this country than the precipi
tate deployment of a new generation of 
very accurate strategic weapons. 

The declared objective of our nuclear 
policy is to deter any adversary from co
ercing or attacking the U.S. To prevent 
the adversary from acquiring new stra
tegic weapons that could enhance his 
ability to coerce or attack us successfully 
would greatly contribute to this objec
tive. Our past practice of preemptively 
deploying the latest strategic weapons 
our technology affords us has neither 
forced nor persuaded the U.S.S.R. to 
stop deploying strategic weapbns in
creasingly threatening to our security. 
Quite on the contrary, our deployments 
create in the U.S.S.R. political and mili
tary pressures that have forced it, in 
spite of its economic difficulties, to fol
low our example in the strategic-arms 
race. 

On the other hand, if we exercise re
straint and use our indisputable, and 
much feared by the Russians, techno
logical superiority to negotiate a mutual 
ban on deployment of new strategic 
weapons, we shall achieve, without ex
pense, what hundreds of billions of dol
lars' worth of deployed strategic systems 
have failed to do: prevent the Russians 
from deploying any more nuclear weap
ons against us. VeriRcation of the faith
ful implementation of such a ban is quite 
possible: no military officer will ever use 
an untested weapon, particularly a stra
tegic nuclear weapon. Many tests of the 
actual weapon are needed to develop it, 
to train personnel to use it and to gain 
conRdence in its reliability. Hence it is 
not only impOSSible to deploy a new sys
tem undetected but also impossible even 
to develop one clandestinely. 

The disadvantages of deploying a new 
technology without Rrst attempting to 
negotiate its mutual ban is vividly illus
trated by the case of MIRV. Our failure 
to propose such a negotiated ban on 
MIRV in 1969, before we started the de
ployment of multiple warheads and at a 

time the Russians were receptive to the 
idea of a ban, has had counterproductive 
results: we acquired the means to deliv
er several thousand supernumerary war
heads that do not add to the credibility 
of our deterrence and we are faced with 
the certain prospect of 1,320 Russian 
MIRVed missiles aimed against the U.S. 
A deterioration of our national security 
could have been avoided by using our 
technological superiority correctly. Mr. 
Yengst is of course right in his concern 
about the proliferation of nuclear weap
ons and strategic delivery systems to na
tions other than the U.S.S.R. Indeed, the 
problem of proliferation is at least as 
ominous as an untrammeled deployment 
of strategic weapons by the U.S.S.R. To 
deploy a new generation of very accu
rate ICBM's and endow it with the"ra
tionale embodied in the strategy of coun
terforce, however, is to encourage, by 
deed and word, other countries to ac
quire nuclear weapons, that is, to exac
erbate the very problem Mr. Yengst 
worries about. 

Restraint in deployment accompanied 
by continuing research can convince oth
ers of the futility of attempting to derive 
political utility from nuclear weapons. 
On the other hand, pursuit of the strate
gy of counterforce, in spite of its lack of 
realism, may frighten other nations into 
believing that it is essential for their se
curity to deploy a nuclear deterrent 
against the U.S. Before we deploy a new 
strategic weapon we must ask not only 
what it can do for our national security 
but also what it may induce an opponent 
to do in response, and whether or not 
what he may do is to our ultimate ad
vantage. 

KOSTA TSIPIS 

Massachusetts Institute of Technology 
Cambridge 

ERRATUM 

In the department "The Illus
trations" for September the photo
graph on the cover and the photo
graphs in the article "Jupiter" were 
credited to the Jet Propulsion Lab
oratory of the California Institute 
of Technology. All these photo
graphs should have been credited 
to the University of Arizona and 
the Ames Research Center of the 
National Aeronautics and Space 
Administration. 
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Checkbook 

with a brain 
Never make another checkbook error 

with America's first computerized 

banking center in a case. 

The new Check Master is a checkbook holder 
with a built-in computer-a time-saving device that 

will keep you in perfect balance for every check you write, every day of the year. 

YOUR BANK WILL LOVE YOU 
If you're like most Americans, your 

checkbook is a disaster area. And your 
electronic calculator isn't helping much. 

Now, there's a great new space-age 
product called the Check Master designed 
specifically to keep you in perfect bal
ance, for every check you write, every 
day of the year. And it's actually easier 
to use than a calculator. 

HERE'S HOW IT WORKS 

Open your checkbook holder and 
·turn on the built·in computer. Press 
the "Balance" key, and your bank 
balance is recalled on the display. The 
Check Master memory is so powerful 
that it never forgets your balance
even months after you last recall it. 

Enter the amount of your check, 
and press the "Check" key. The check 
amount is automatically deducted 
from your balance, and your new 
balance is displayed-and all with just 
one key stroke. 

Or enter the amount of a deposit, 
and press the "Deposit" key. Your 
deposit is automatically added to your 
balance, and again, your new balance 
is displayed. 

MANY EXTRA FEATURES 

5. Safety switch I f you forget to turn off your 
computer, don't worry. Whenever you close 
your case, your unit shuts off automatically. 

6. Private viewing angle Don't worry about 
anyone seeing your balance. The red display 
can only be viewed by the user and registers 
up to $9,999.99 or any six digits. 

7. Perfect size The CheckMaster's handsome 
tan and cream-colored case measures 7/8" x 3 
5/8" x 6 3/4" and weighs only 8 ounces. 

The Check Master does so much, so 
easily, and it's great fun to use. Here 
are seven reasons why: 
1. Easily corrects mistakes If you 
enter the wrong digits, press the 
"Clear" key. Only your mistake will 

To find out your exact balance, even months after 
you've last recalled it, simply open your case and 
press the balance key. Check Master's memory never 
forgets. Designed for both men and women, Check
Master holds any standard·sized personal checks, 
check register, credit cards and important papers. 

be cleared-never the balance. '----------------------' 

2. Worry-free decimal Just enter the digits. 
The unit's dollar'position decimal always 
keeps the decimal point where it belongs. 

3. Loy.t battery signal pen 
batteries will last one year with average use. A 
low battery signal on the display will indicate 
when it's time to replace them. 
4. Overdraft alert Check Master will signal an 
overdrawn account plus show the overdraft 
amount and help you avoid the embarrass· 
ment of having a check accidentally bounce. 

RUGGED AND SHOCKPROOF 

Drop it, sit on it, drop it again-Check Mast
er's shock-proof case will withstand plenty of 
abuse. The integrated circuit is hermetically 
sealed for a lifetime of trouble-free service. A 
spot of gold is even used in the circuit's final 
sealing process to insure CheckMaster's very 
high level of reliability, 

CONTROL YOUR PURCHASES 

Take CheckMaster with you to the super
market. Set a dollar limit on what you intend 
to buy. Then enter each item you purchase as 
if you were writing a check. When your 
balance reaches your limit, stop buying and 
head for the check-out counter. It's a great 
way to control your budget and prevent 
overcharging by the check·out clerk. 

THE PERFECT GIFT 

Check Master makes the ideal gift for your 
wife, husband, friend or anybody who has a 
personal checking account. Even a person 
who already owns a calculator will appreciate 
Check Master's value and convenience. 

The Check Master is perfect insurance 
against bounced checks, overdrafts, arithmetic 
errors and bank errors. Its powerful memory, 
simple operation, and many extra features 
make it another example of how space·age 
technology has made fun out of one of the 
most time-consuming household tasks. 

MORE THAN GUARANTEED 

The CheckMaster will make such an im
provement in helping you balance your check· 
book that we make the following unusual 
money-back guarantee: use the Check Master 
until your next bank statement arrives or for 
one full month. If the Check Master does not 
balance your checkbook perfectly and actual· 
Iy pay for itself in either convenience or 
actual savings, return it for a prompt and 
courteous refund. You can't lose. 

A NATIONAL INTRODUCTORY PRICE 

The American-made Check Master is man
ufactured for JS&A by Mostek Corporation, a 
leading consumer electronics manufacturer, 
and the first company to manufacture the 
pocket calculator integrated circuit. JS&A is 
the world's largest single source of electronic 
calculators, digital watches and other space
age products. We have decided to offer the 
Check Master directly to consumers, exclusive
ly through the mail, for only $39.95 during 
our national introduction. 

HOW TO ORDER 

Credit card buyers may call our national 
toll-free number or any of the local numbers 
listed below. Or you may send your check or 
money order for $32.45 per unit ($29.95 plus 
$2.50 postage, insurance and handl ing-III
inois residents add 5% sales tax) to the 
address shown below. But act quickly! See for 
yourself how easy it is to keep your check
book in perfect balance every day of the year. 
Order your CheckMaster at no obligation 
today. ONE YEAR WARRANTY 

�NATIONAL 
O 

SALES 
GROUP 

DEPT.SA 4200 DUNDEE ROAD 
NORTHBROOK, ILLINOIS 60062 

CALL TOLL-FREE . . . .  (800) 323-6400 
In Illinois call • . . . . . . .  (312) 498-6900 

©JS&A Group. Inc., 1975 
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50 AND 100 
YEARS AGO 

OCTOBER, 1925: "As long ago as the 
17th century Newton defended the view 
that light consists of streams of little 
particles. At the dawn of the 19th cen
tury, however, experiments were per
formed which were thought to give posi
tive evidence that light consists of waves. 
Maxwell interpreted them as electro
magnetic waves, and in such terms we 
have ever since been explaining light 
rays, X rays and radio rays. Very recent
ly, however, a group of electrical effects 
of light have been discovered for which 
the idea of light waves suggests no ex
planation but whose interpretation is ob
vious according to a modified form of 
Newton's corpuscular theory. When light 
or X rays fall on certain metals, such as 
sodium, the metals give off electrons. It 
was to account for this 'photoelectric ef
fect' that Einstein, about 20 years ago, 
suggested that light and X rays do not 
consist of waves but of concentrated 
bundles of energy that he calls quanta. 
Strong support for the quantum theory 
of radiation has recently come from work 
with the scattering of X rays by elec
trons. We should expect, if X rays are 
waves, that the scattered waves should 
have the same wavelength as the origi
nal ones. Spectra, however, prove that a 
part of the scattered X rays is of distinct
ly greater wavelength than the primary 
rays. The quantum theory gives a direct 
explanation if we think of the X ray as a 
little particle that is deflected when it 
collides with an electron. If the electron 
is loose, it will recoil, so that part of the 
quantum's energy is spent in setting the 
electron in motion. Moreover, the re
coiling electrons have now been ob
served. The manner in which we are to 
reconcile these new ideas with the long 
established facts of the interference and 
refraction of light is very obscure. Most 
physicists look forward to a solution in 
some combination of the wave and quan
tum theories." 

"Britain's new battleships, Nelson and 
Rodney, now approaching the launching 
stage, will incorporate all the modifica
tions suggested by war experience, and 
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especially by the Battle of Jutland. Their 
main armament consists of nine 16-inch 
guns, mounted in triple turrets. Contrary 
to all precedent the guns are grouped 
together in the forward part of the ship, 
leaving the after section denuded of 
heavy armament. Stern fire has been sac
rificed in deference to an important les
son learned at Jutland: that the really 
vulnerable points of a capital ship are its 
turrets, bar bette trunks and contiguous 
magazines. At least two of the three 
British capital ships lost in that engage
ment were sunk by shell that pierced the 
turret walls or roof and transmitted a 
flash to the powder room. The grouping 
of the turrets on the forward deck makes 
possible the concentration of very thick 
armor over this area of the ship." 

"When the relation between the real 
brightness of a star, or the amount of 
heat radiated by it, and its surface tem
perature is plotted on vertical and hori
zontal coordinates, we find that the 
points are very far from being distrib
uted at random. The majority congre
gate in the neighborhood of an S-shaped 
line, spreading somewhat on each side 
but showing a very strong gregarious 
tendency. The points represent a se
quence of stars, beginning with bright, 
hot stars and passing through fainter and 
cooler ones and finally to the faint red 
dwarf stars. This set of stars is called 
by Professor Eddington the 'main se
quence.' There is nothing in the theories 
of Eddington and Jeans to account for 
this concentration. To explain it we must 
recall that the source of stellar energy 
appears to involve the gradual transfor
mation of matter into energy, according 
to the principle of relativity. Does this 
transformation proceed always at the 
same rate (like radioactivity), or does it 
go on faster and faster as the tempera
ture rises? Jeans maintains the first opin
ion, Eddington the second. Arguments 
based on the existence of a main se
quence favor the second view." 

OCTOBER, 1875: "Mr. Lick has fixed 
on Mount Hamilton, in Santa Clara 
County, Cal., as the most eligible site for 
the establishment of the observatory in 
which the great telescope is to be locat
ed. Mount Hamilton is 4,448 feet high." 

"One of the most disastrous storms 
that has ever visited our coast recently 
swept over a portion of Texas and south
western Louisiana, destroying hundreds 

of lives and an immense amount of prop
erty. Little has been positively deter
mined regarding the cause of these cy
clones. From observation it appears they 
may originate wherever a lower stratum 
of warm, moist air is rapidly elevated 
above the sea level. In this moist air an 
immense mechanical power is stored up, 
and when condensation caused by its 
elevation occurs, its moist vapor turns 
into rain, hail or snow, and an influx of 
air from all sides rushes in to fill the par
tial vacuum thus formed. It has been 
proved that this influx toward a central 
region is immediately followed by the 
formation of a whirl, the subsequent de
velopment of which is due to further 
supplies of moist air." 

"At a recent session of the French 
Academy of Sciences, M. Wurtz pre
sented a comrilUnication from M. Lecoq, 
announcing the discovery of a new sim
ple body, a metal analogous and allied 
to zinc and cadmium, and found in 
blende or sulphide of zinc in Spain. The 
existence of the substance was revealed 
by spectral analysis, two lines appearing 
which could not be traced to any other 
element. The new metal has not been 
reduced from its combinations, so that 
its physical characteristics remain unde
termined. The discoverer patriotically 
names the new element gallium." 

"Mr. H. M. Stanley, the reliever of 
Dr. Livingstone, is now chief of an Af
rican exploring expedition. Starting from 
Zanzibar on the coast, he began a jour
ney of 720 miles to the great Victoria 
Nyanza lake and his most important dis
covery is the verification of Speke's de
scription of Victoria Nyanza as one great 
inland sea." 

"The great fair of Nijni-Novgorod, in 
Russia, has recently closed its annual 
display, an exhibition that has been re
peated every year for the past four cen
turies. The merchants and producers of 
Siberia, of Persia, of China and of Tar
tary have met the manufacturers of 
western Russia, exchanged their raw 
produce for the manufactured goods of 
St. Petersburgh, Moscow and the west, 
and separated for another twelvemonth. 
The fair is a vast market, a temporary 
city that began with the interchange of 
commodities between barbarians 400 
years ago at a location some 80 miles dis
tant from Nijni-Novgorod. It is esti
mated that fully a million people come 
and go while the fair is in progress, and 
the value of goods exchanged during the 
fair just closed is computed at about 
$120 million." 
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Performance news from Westinghouse 
World's most advanced 
radar family 
Westinghouse builds the most cost-effec
tive ground radar systems available today 
for air defense and traffic control. We 
have a complete line of tactical and fixed 
air surveillance radars, ranging from our 
military AN/TPS-43 to our civil air 
traffic control ARSR-3. 

State-of-the-art radar -The FAA has 
ordered 14 new long-range, fixed-site, 
air route surveillance radar (ARSR-3) 
systems, with an option to order an addi
tional eight. Fully compatible with the 
latest automated control systems, 
ARSR-3 will have a range in excess of 
230 nmi and a MTBF of 750 hours in 
the full dip lex mode. This state-of-the-art 
radar will reliably detect small private 
and large commercial aircraft, since false 
alarms from ground and weather clutter 
will be virtually eliminated. ARSR-3 
systems modularity will also make site 
installation easier. Digital circuitry and 
solid-state electronics will make ARSR-3 
more reliable than any ground radar sta
tion now in use. 

New high-performance radar - We 
are nearing completion of the prototype 
phase of the AN/TPS-63, a new-genera
tion tactical radar for the U.S. Marine 
Corps. This highly mobile radar has the 
performance necessary to remove, in 
most cases, the effects of radar ground 

clutter. It can see through the weather 
that normally might be expected through
out any site in the world. With this clarity 
of presentation, and the system reliability 
associated with modern solid-state com
ponents, the AN/TPS-63 will be a very 
effective air-defense radar. 

Tactical 3D radar - The USAF has 
awarded Westinghouse a· contract for 
the production of 23 new-generation 

AN/TPS-43E radars. This radar can be 
erected in one hour, disassembled in 30 
minutes, and moved readily -by truck, 
helicopter, or aircraft. The latest in our 
family of long-range stacked-beam 
radars, AN/TPS-43E gives coverage up 
to 240 nmi with simultaneous height, 
range, and azimuth data on all aircraft 
within this coverage. Developed origi
nally for the USAF, AN/TPS-43 also 
s e r v e s  t h e  a i r  f o r c es o f  s i x  o t h e r  
countries. I t  is recognized as one of 
the most cost-effective systems available 
today and can be supplied for fixed
station operation. 

Complete air control - Westinghouse 
radars, when coupled with our opera
tions and communications centers, pro
vide complete air-defense/ traffic-control 
systems. These systems can operate 
equally well from a mobile, fixed, or 
semipermanent installation. All major 
systems equipment is billlt  to U.S. 
Government specifications, and is suit
able for use around the world. 

Revolutionary 
underseas vehicles 

� > 
Our work in low-drag technology has 
led to a hydrodynamic breakthrough. 
The result is a family of vehicle shapes 
that may revolutionize underseas move
ment within a wide range of vehicle 
size and type. Low-drag bodies will be 
faster, lighter, and quieter than today's 
conventionally shaped vehicles, and will 
require only a fraction of their propul
sive power. 

Westinghouse 
De.fense 

II 
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THE AUTHORS 
HUGH C. MciNTYRE ("Natural

Uranium Heavy-Water Reactors") is edi
torial director of Corpus Communica
tion, Research and Publishing Services 
in Toronto. His interest is in technical 
journalism, to which end he obtained his 
bachelor's degree in chemistry at Mount 
Allison University in New Brunswick in 
1949 and his master's degree in English 
literature at the University of Toronto 
in 1953. He worked as a chemist and a 
high school teacher until he jOined the 
magazine Canadian Chemical Processing 
in 1959. In 1961 he jOined Maclean 
Hunter Publishing Co., where he edited 
and managed a series of technical pub
lications. After a leave of absence of two 
years, which he spent with the Ontario 
government's Commission on Post Sec
ondary Education, he became an assist
ant editor of The Financial Post. He took 
up his present work in 1973. 

BIRGIT SATIR ("The Final Steps in 
Secretion") is associate research physiol
ogist in the department of physiology
anatomy at the University of California 
at Berkeley. "I am Danish," she writes, 
"and received my Ph.D. in biochemistry 
in 1961 from the University of Copen
hagen." She left Denmark in 1962 to 
marry Peter Satir, who is a cell biologist 
at Berkeley, and to begin her career in 
the U.S. She notes that she has "spent 
14 years in a research position, which ap
pears to be the fate of many female sci
entists in this country, particularly if 
their spouses are in a related field." Her 
interests include "two lively boys" and 
travel for the experience of different cul
tures and different languages. On a trip 
to Tokyo, she writes, "I picked up a new 
hobby: Ikebana; I have two certificates 
in that art." 

SHELDON LEE GLASHOW 
("Quarks with Color and Flavor") is pro
fessor of physics at Harvard University. 
He notes that he is an alumnus of the 
Bronx High School of Science, class of 
1950, and describes the school as "a most 
important element in my education." 
Three of his colleagues in the Harvard 
physics department are also alumni of 
the school. Glashow received his bache
lor's degree at Cornell University in 1954 
and his M.S. and Ph.D. from Harvard 
in 1955 and 1958 respectively. After 
work in research at the Niels Bohr Insti
tute in Copenhagen, the European Or
ganization for Nuclear Research (CERN) 
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in Geneva and the California Institute of 
Technology he taught at Stanford Uni
versity and the University of California 
at Berkeley until he joined the Harvard 
faculty in 1966. 

RICHARD GORDON, GABOR T. 
HERMAN and STEVEN A. JOHNSON 
("Image Reconstruction from Projec
tions") are respectively a member of the 
image-processing unit at the National 
Cancer Institute, professor of computer 
science at the State University of New 
York at Buffalo and associate consultant 
in the Biophysical Sciences Unit of the 
department of phYSiology and biophys
ics at the Mayo Clinic. Gordon obtained 
his bachelor's degree (in mathematics) at 
the University of Chicago and his Ph.D. 
(in chemical physics) from the Univer
sity of Oregon. Herman, who was born 
in Budapest, received his bachelor's, 
master's and doctor's degrees, all in 
mathematics, at the University of Lon
don; he also has a master's degree in 
electrical engineering from the Univer
sity of California at Berkeley. Johnson 
was graduated from Utah State Univer
sity and took his Ph.D. (in solid-state 
physics) at Stanford University. 

JEREMY A. SABLOFF and WIL
LIAM L. RATHJE ("The Rise of a Maya 
Merchant Class") are respectively asso
ciate professor of anthropology at Har
vard University and associate professor 
of anthropology at the University of Ari
zona. Sabloff, who also serves as asso
ciate curator of middle-American archae
ology at Harvard's Peabody Museum of 
Archaeology and Ethnology, was gradu
ated from the University of Pennsylvania 
and received his master's degree and his 
Ph.D. from Harvard. "I divide my time," 
he says, "between teaching, research, 
writing and advising the more than 300 
Harvard and Radcliffe students of Dun
ster House, where my wife, our one-year
old son and I live." (Sabloff is Allston 
Burr Senior Tutor of Dunster House.) 
Rathje received his bachelor's degree in 
1967 at the University of Arizona and his 
Ph.D. in 1971 from Harvard. Among 
other activities he is director of the Uni
versity of Arizona's garbage project, 
which involves studying modern house
hold refuse to see if the information thus 
obtained about a familiar civilization 
can be obtained for an ancient civiliza
tion by applying similar techniques. 
Apart from his professional work he 
draws cartoons and writes songs. 

JOHN D. ISAACS and RICHARD A. 
SCHW ARTZLOSE ("Active Animals of 
the Deep-Sea Floor") work at the Uni-

versity of California; Isaacs is professor 
of oceanography at the San Diego cam
pus and director of the universitywide 
Institute of Marine Resources, and 
Schwartzlose is academic administrator 
of the marine-life group at the Scripps 
Institution of Oceanography. Isaacs has 
been associated with the university since 
he obtained his bachelor's degree at the 
Berkeley campus in 1944. From 1958 to 
1974 he was director of the marine-life 
research program at the Scripps Institu
tion. His recent teaching activities have 
included two courses for undergradu
ates: marine archaeology and frontiers of 
marine science. Schwartzlose received 
his bachelor's and master's degrees (in 
geography) at Berkeley and started work 
at the Scripps Institution in 1952. 

DIANA DEUTSCH ("Musical Illu
sions") is a member of the research facul
ty at the Center for Human Information 
Processing of the University of Califor
nia at San Diego. "I was born and grew 
up in London," she writes, "and obtained 
a First Class Honours B.A. in psychol
ogy, philosophy and physiology at the 
University of Oxford." Her Ph.D. (in 
psychology) is from the University of 
California at San Diego. She is coauthor 
of a textbook on physiological psychol
ogy and is writing a book on the psy
chology of music. "I had originally in
tended to become a musician," she notes, 
"and still spend much of my spare time 
playing the piano and listening to music. 
Given this interest, I find it particularly 
satisfying to do scientific research in an 
area that relates to musical experience." 

HERBERT F. YORK ("The Debate 
over the Hydrogen Bomb") is professor 
of physics and director of the Program on 
Science, Technology and World Affairs 
at the University of California at San 
Diego. His career has been both govern
mental and academic: he was director of 
the Lawrence Livermore Laboratory, 
chief scientist of the Advanced Research 
Projects Agency (ARPA) of the Depart
ment of Defense, director of defense re
search and engineering in the office of 
the Secretary of Defense and chancellor 
of the University of California at San 
Diego. He also served twice as a mem
ber of the President's Science Advisory 
Committee. His article is based on part 
of his book, The Advisors, which has just 
been published by W. H. Freeman and 
Company. 

JOHN TYLER BONNER, who in this 
issue reviews SOCiobiology: The New 
Synthesis, by Edward O. Wilson, is pro
fessor of biology at Princeton University. 
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A mountain wonderland where Yosemite 
Falls tumbles 2,565 ft.-15 times the height 
of Niagara. 

The weird beauty of the Sonoran Desert 
area with 140 different kinds of cactus, site of 
the fabled Superstition Mountains. 

A watery marshland where alligators, 
panthers, and spectacular rare birds find 
refuge in the sawgrass bogs of Big Cypress 
Swamp. 

'" these are three of over 200 breath-taking 
wilderness areas that lie in the United 
States. These wild sanctuaries are America's 
priceless treasure ... the last remaining 
legacies from her primeval past. 

Now you can discover these glories ... 
experience their awesome majesty, all year 
'round, without leaving your home. In 
THE AMERICAN WILDERNESS, an 
unparalleled photo-journalistic series from 
TIME-LIFE BOOKS. 

From the tranquility and savagery of 
The Northwest Coast to the "sleeping waters" 
of The Bayous ... from the forested hills of 
The Ozarks to the craggy Teton peaks and 
Hells Canyon in Snake River Country, you'll 
get to know and wonder at our American 
terrain. 

You'll discover the ouzel, a bird that "flies" 
underwater ... wolves that devour 25 pounds 
in one feeding ... rocks of Vishnu Schist two 
billion years old. You'll learn of the chuckwalla, 
a lizard that inflates itself with air ... and 
much, much more. 

You'll discover wonders perhaps only a 
"stone's throw" from your home-ones you 
could visit on a weekend or short vacation. 

Explore The High Sierra FREE for 10 days 

Begin your tour of THE AMERICAN 
WILDERNESS with a 10-day free 
examination of the first volume in the series, 
The High Sierra. Explore the Sierra's 
400 miles of cliffs and forests and meadows 
... home of the giant sequoias, site of 
spectacular Yosemite, and a last stronghold 
of the West's big cats. Then decide if you 
want to keep The High Sierra. You may do so 
for only $6.95 and continue to receive other 
books in the series as described on the reply 
card. There is never any obligation however, 
and you may cancel at any time. Mail the 
card today, or write: TIME-LIFE BOOKS, 
Time & Life Building, Chicago, Illinois 60611 . 

• 40,000 words of text 
written by avid out· 
doors man Ezra Bowen 
with noted conservation-

1 ist Martin litton as 
consultant 

• More than 100 illus· 
tra tions-photographs, 
paintings, maps, includ
ing 87 pages in full 
color. 
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Why International Paper 
is helping to dewelop 

a l,oOo,oOO-acre forest on 
land it doesn't own 

W
e want to make sure 
there'll still be enough 

wood products around when 
your children grow up. 

Industry sources estimate 
Americans will use about 
twice as much paper and wood 
in the year 2000 as they use 
today. And the U.S. Forest 
Service predicts that our 
nation's commercial timber
lands won't be able to keep up 
with the demand. 

One of our solutions is to 
help private landowners 
increase their yield. They own 
about 60 percent of America's 
forest lands - yet produce 
only 30 percent of the wood 
fiber. (Forest products com
panies own only 13 percent 
of America's forest lands -
and produce 34 percent of 
the wood fiber.) 

We're looking especially 
to people who own land close 
to our operations in the South. 
In 1976 we'll expand our pro
gram to the Northeast and 
West Coast. 

How we help landowners 

We do it through the Land
owner Assistance Program. 

We'll show a private land-

owner how to prepare a site, 
plant, protect, thin, and harvest 

-at no charge. 
. This way, he can get the 

most from his forest land -
in some cases, he can actually 
double his yield. 

We'll even find a contrac
tor to do the actual work. Or 
do the job ourselves at cost. 

For this help, IP gets the 
right to buy a landowner's 
timber at competitive prices. 

We've got more than 
300,000 acres in the Landowner 
Assistance Program now. 
We're aiming for 1,000,000 

before 1980. 

A big help. But it's only 
one thing we're doing to 
increase the world's wood
fiber supply. 

Higher yield from our 
own lands 

We've developed a 
Supertree - a southern pine 
that grows taller, straighter, 
healthier and faster than 
ordinary pines. 

We're experimenting with 
a new machine that can 
harvest an entire tree - tap
roots and all. The roots used 
to be left in the ground. 

We're moving ahead on 
fertilization techniques. Tree 
Farm programs. Research. 

Will all this be enough to 
keep the world's fiber supply 
going strong? 

It'll help. But more must 
be done. 

At International Paper, 
we believe forest products 
companies, private land
owners and the government 
should work together to 
develop more constructive 
policies for managing 
America's forests. 

The wrong policies can 
make tree farming impossible 
and force the sale of forest 
land for other purposes. 

The right policies can 
assure continuation of 
America's forests-a renew
able natural resource. 

If you'd like more infor
mation about what has to be 
done to assure the world's 
fiber supply, write Dept. 145-A, 
International Paper Company, 
220 East 42nd St., New York, 
New York 10017. @ INTERNATIONAL 

PAPER 
COMPANY 

220 EAST 42ND STREET NEW YORK. NEW YORK lOCH? 
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Natural-Uranium Heavy-Water Reactors 

In the U.S. power reactors are fueled with enriched uranium and are 

cooled by ordinary water. The Canadian" Candu" system, working with 

unenriched uranium and heavy water, offers interesting alternatives 

T
he u.s. nuclear-power industry, 
which has dominated the world 
market with its ordinary-water re

actors fueled with enriched uranium, is 
in a period of deepening uncertainty. In 
spite of a clear need for nonpetroleum 
energy sources, a shortage of capital 
funds and the objections of environmen
talists to the siting of nuclear power 
plants have created a situation in which 

by Hugh C. McIntyre 

half of the nuclear power reactors 
planned for the U.S. over the next dec
ade have been postponed or canceled. 
Indeed, there is much pessimism about 
whether nuclear power will be allowed 
to make its promised contribution to 
forestalling future energy shortages in 
the U.S. 

Meanwhile, as opponents of nuclear 
power often point out, domestic uranium 

supplies are being fed into uranium-235-
enrichment plants at a rate that threatens 
to strip the U.S. of economic deposits of 
uranium by the year 2000. Acting with 
what seemed to be commendable fore
sight, the now superseded U.S. Atomic 
Energy Commission proposed to solve 
the long-range uranium-supply problem 
by developing the fast breeder reactor, 
which would produce more nuclear fuel 

NUCLEAR POWER STATION at Pickering, Ont., has four Candu 

reactors. Each has a gross generating capacity of 540 megawatts of 

electricity (MWe); the net capacity after supplying station needs 

is 514 MWe. The "du" in Candu refers to deuterium oxide (heavy 

water) and uranium. In the Candu reactor concept deuterium oxide 

acts both as the moderator, for slowing down neutrons, and as the 

coolant, or heat.transport medium. The fuel is natural (unen. 

riched) uranium in oxide form. The Pickering station, the first en· 
tirely commercial nuclear power facility in Canada, is owned by 
Ontario Hydro. First of Pickering's units began operating in 1971. 
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BOOSTER FUEL ROD 

CONCRETE VAULT 

RUPTURE-DISK ""'''t".t,,_ y 

MODERATOR OUTLET 

CANDU NUCLEAR REACTOR differs from U.S. nuclear power 

reactors not only in using natural uranium and heavy water but 

also in that tbe coolaltt for the Candu reactor flows through several 

hundred individual pressure tubes containing the fuel. In Ameri

can systems the fuel elements are contained in a single massive 

pressure vessel through which the coolant -flows (see illustrations 
on pages 20 and 21). As this diagram shows, the pressure tubes in 

the Candu reactor vessel are arranged horizontally. The outer shell 

for a reactor capable of generating 750 MWe is 28 feet in diameter, 

19.5 feet long and 1.25 inches thick. The tubes are made of a zir· 

conium alloy four millimeters (one-sixth inch) thick. The heavy· 
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ZONE-CONTROL ROD 

I 
BOOSTER FUEL ROD 

I 

STEEL-BALL SHIELDING 

END-SHIELD COOLING LINE 

water coolant, at a pressure of 1,450 pounds per square inch, leaves 

the reactor at a temperature of about 310 degrees Celsius (590 de· 

grees Fahrenheit) and passes to a steam generator (not shown) 

where ordinary light water is converted into steam at a tempera

ture of about 250 degrees C. (482 degrees F.) and a pressure of 

570 pounds per square inch. The steam drives the turbogenerator 

that generates electricity. The many pipes that convey the coolant 

into and away from the reactor ultimately are gathered into two 

large headers that are connected to the steam generator. The Candu 

reactor is designed so that the fuel bundles in the individual pres· 

sure tubes can be replaced while reactor is running at full power. 
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than it consumed. The breeder pro
gram, since inherited by the Energy Re
search and Development Administration 
(ERDA), not only is running behind 
schedule but also has acquired its own 
critics. Even its supporters are beginning 
to ask not when the breeder will be ready 
but whether it will be ready before the 
uranium is exhausted. Moreover, not one 
spent-fuel recovery plant, designed to re
cycle U-235 and to extract plutonium 
for fast breeder reactors, has yet gone 
into operation. 

Confronted with these problems, U.S. 
nuclear authorities are looking abroad 
for possible technological solutions. One 
promising concept that is gaining at.ten
tion is the Canadian-designed line of 
power reactors named Candu. These re
actors use deuterium oxide (heavy water) 
as a moderator and natural (unenriched) 
uranium as a fuel. 

The 20-year development history of 
the Cimdu reactor is not well known out
side Canada. The first prototype reactor 
in the Candu series went critical in June, 
1962. The second reactor in the series 
and the first commercial installation be
gan feeding 200 megawatts of electric 
power (MWe) into the Ontario power 
grid in 1967. The second commercial 
installation, a four-reactor complex at 
Pickering, Ont., went into operation in 
1971. With a designed gross generating 
capacity of 2,160 MWe, it was for nearly 
two years the largest nuclear station in 
North America (until the completion of 
the Commonwealth Edison Zion 2 unit 
in Illinois surpassed it by 40 MWe). The 
Candu reactor concept is now available 
in standard "off the shelf" designs of 
600- and 750-MWe capacity. Eighteen 
new reactors with a total capacity of 
some 12,500 MWe are scheduled for 
completion at five sites in three Cana
dian provinces by 1983. In addition Can
du power stations are now operating in 
India and Pakistan; construction has 
been started on a station of 600 MWe 
in Argentina, and a similar station is 
planned for South Korea. It is notewor
thy that Candu reactors have a record of 
cumulative availability that is better 
than that of either the boiling-water re
actor or the pressurized-water reactor, 
which are the established power reactors 
in the U.S. and Europe. 

Compared with the present troubled 
state of the U.S. nuclear industry, 

the history of the Candu reactors seems 
almost placid. There has yet to be a ma
jor public debate in Canada about the 
siting of a nuclear power plant. The 
Pickering station, for example, is within 
the city limits of Toronto, which has a 

SYSTEM CUMULATIVE LOAD FACTOR 
THROUGH JUNE. 1974 

ELECTRIC GENERATION 
(MEGAWATI HOURS) 

CANDU REACTORS 56.62 PERCENT 37.065.523 

BOILING-WATER REACTORS 49.89 189.229.239 

PRESSURIZED-WATER REACTORS 49.35 248.553. 124 

CUMULATIVE LOAD FACTORS, expressed as a percent of design capacity over an ex· 

tended period, have been consistently higher for nuclear power reactors of the Candu type 

than for either of two reactor types that currently supply all U.S. nuclear power. Figures in 

second column are cumulative load factors for all U.S. and Canadian (Candu) nuclear sta· 

tions through June, 1974. Figures were assembled by Nuclear Engineering International. 

population of 2.5 million. Although there 
have been several accidents and mal
functions in Candu nuclear plants, none 
has so far caused any injury, any radio
active contamination outside the reactor 
building or any stoppage in the delivery 
of electric power. 

The use of natural uranium as fuel and 
heavy water as a moderator developed 
logically out of Canada's needs and back
ground in reactor technology. A re
strained effort to sell the Candu reactor 
abroad has been focused on the require
ments of developing countries or me
dium-size developed countries outside 
the "nuclear club." So far Canada has 
made no serious effort to sell the Candu 
concept to U.S. utilities. 

If the situation of the U.S. electric
utility industry should get worse, how
ever, a proposal made last winter by 
Aaron L. Segal of Cornell University 
might be taken more seriously. He sug
gested (at hearings held in New York on 
Project Independence) that one way the 
U.S. could benefit from Canada's energy 
resources would be for it to finance a 
line of Candu stations along the border 
to pump electricity south, "like a giant 
power cow." The U.S. could also logical
ly explore the feasibility of using light 
water or an organic liquid as the heat
transfer medium for a natural-uranium 
reactor moderated with heavy water. 
These are concepts that the Canadians, 

with limited resources, are just begin
ning to explore. 

All the nuclear power plants built in 
the U.S. operate with uranium fuel that 
has been enriched in one of three giant 
gaseous-diffusion plants so that it con
tains between 1 and 4 percent U-235. 
In natural uranium the content of U-235 
is only .72 percent. To sustain a nuclear 
reaction in a reactor fueled with either 
natural or enriched uranium it is neces
sary to use a moderator, a substance that 
is effective in slowing down the high
velocity neutrons released in the fission 
of U-235 so that they are maximally ef
fective in splitting other nuclei of U-235. 
When a nucleus of U-235 splits, it re
leases on the average 2.5 neutrons. The 
objective in reactor design is to limit the 
loss of neutrons to competing processes 
so that exactly one neutron survives to 
split another nucleus of U-235 and thus 
maintain a chain reaction. The number 
of surviving neutrons is expressed by the 
multiplication factor K. When K is less 
than 1, there is no chain reaction; when 
K is greater than 1, the chain reaction 
proceeds exponentially. Most reactors 
are equipped with control rods made of 
a strong neutron absorber such as boron, 
which are automatically pushed in or out 
of the reactor core to maintain K at ex
actly l. 

All nuclei absorb neutrons to a greater 
or lesser degree. Hence the reactor de-

UNIT COST PICKERING LAMBTON (1) LAMBTON (2) 

CAPITAL 4.60 1.70 1.70 

OPERATION AND MAINTENANCE 1.10 .96 .96 

FUELING .98 10.60 13.32 

HEAVY·WATER UPKEEP .35 

TOTAL UNIT ENERGY COST 
7.03 13.26 16.18 (MILLS PER KILOWATI HOUR) 

COMPARISON OF ELECTRIC·POWER COSTS in the largest Candu nuclear power station 

at Pickering with costs in two equally new coal. fired units of comparable size at Lambton, 

Ont., shows that nuclear power is about half as expensive as fossil·fuel power. Although the 

capital investment at Pickering is more than two and a half times higher per kilowatt-hour 

than it is at Lambton, nuclear fuel and supplemental supplies of heavy water, needed for 

upgrading and replacement, cost only about a tenth as much as coal. It should be noted 

that the cost comparison is somewhat unfair to the coal units because their output changes 

with the demand. The nuclear station operates at maximum capacity to supply a base load. 
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INSTRUMENTATION PORTS �c--�;s1U'l 

COOLANT 

ENRICH 
ASSEMBLIES 

t-Ht--J.--- CONTROL· ROD DRIVES 

OUTLET 

+--+--REACTOR VESSEL 

PRESSURIZED LIGHT·WATER REACTOR, developed to power U.S. nuclear submarines, 

is one of the two systems used in all U.s. nuclear power plants now operating (about 55). 

Because light water captures neutrons about 600 times more readily than heavy water does, 

a light·water reactor will not operate unless the fuel is enriched to contain 1 to 4 percent 

uranium 235 instead of the . 72 percent naturally present. A pressurized light.water reactor 

capable of generating 1,100 l\fWe requires a pressure vessel about 15 feet in diameter, 45 

feet tall and six to 11 inches thick. When the reactor is charged with 196,000 pounds of 

uranium oxide containing an average of 3.2 percent U·235, it will operate for 10 to 12 months 

before fresh fuel is needed. Initial charge for a 750·l\fWe Candu reactor is 292,000 pounds 

of unenricbed uranium oxide. Light·water coolant is heated to 320 degrees C., and it circu· 

lates at 2,250 pounds per square inch. A separate steam generator produces steam for tur· 

bine at a temperature of 285 degrees C. and a pressure of 1,000 pounds per square incb. 
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signer must carefully select all compo
nents-fuel containers, moderators, cool
ants and structural materials-to con
serve neutrons. In addition certain fission 
products, such as xenon 135, have such 
an enormously large "capture cross sec
tion" for neutrons that they act as re
actor poisons. The great virtue of heavy 
water as a moderator is that it has a neu
tron-capture cross section only about a 
600th as large as the capture cross sec
tion of light water. (In Candu reactors 
the .2 percent of light-water impurity re
maining in the heavy water captures 
about as many neutrons as the heavy 
water itself.) 

If light water is used as a moderator 
in a power reactor, it is necessary to have 
a uranium fuel enriched in U-235 in or
der to raise the probability that at least 
one neutron per fission will encounter an
other nucleus of U-235 before being ab
sorbed or lost from the reactor. When 
heavy water is used as a moderator, the 
concentration of U-235 in natural ura
nium is sufficient to sustain the chain re
action. The main drawback of heavy 
water, of course, is that it is fairly ex
pensive (about $50 per pound). The com
pensating advantage is that the use of 
heavy water obviates the need for build
ing expensive uranium-enrichment facili
ties or, what amounts to the same thing, 
buying enriched uranium from those 
who have the facilities. 

The entire question of reactor eco
nomics, as one might suspect, is rich in 
controversy. In making comparisons be
tween rival systems, utilities try to re
duce everything to a single figure: the 
total unit energy cost (TUEC). Unfor
tunately it is hard to make comparisons 
between one country and ap.other be
cause of widely differing interest rates, 
fuel prices and operating policies. To 
speak only of the Canadian experience, 
the latest total energy cost figures from 
Ontario Hydro show that the Pickering 
nuclear station is generating power for 
less than half the cost of an equally new 
coal-fired station of similar size at Lamb
ton, Ont. [see bottom illustration on pre
ceding page] . 

The capital cost of the Pickering sta
tion came to about $365 per kilowatt 
of installed electric· generating capacity 
(KWe). It appears that the capital cost 
for a U.S. plant of the same size, at cur
rent prices, would be only about 80 per
cent as much, or roughly $300 per KWe. 
Thus if U.S. enriched·uranium reactors 
had been installed at Pickering instead 
of Candu reactors, Ontario Hydro might 
have saved .9 mill per kilowatt-hour 
(KWh) in capital cost plus another .35 
mill per KWh in heavy-water upkeep 
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charges. On the other hand, the indica
tions are that enriched fuel in the U.S. 
is now about five times as expensive as 
Candu natural-uranium fuel, amounting 
to a credit of 3.9 mills per KWh in Pick
ering's favor. On that basis a station 
similar to Zion 2 would produce power 
at a cost of about 9.6 mills per KWh if it 
were sited in Ontario, whereas Pickering 
produces power for 7.03 mills. This con
clusion might be disputed, but it is nev
ertheless clear that the Candu system is 
at least competitive with current U.S. 
nuclear generating systems. 

The Candu system has other pOints in 
its favor. Unlike U.S. light-water reac
tors, in which the entire reactor core is 
enclosed in a single large pressure vessel 
with a wall as much as a foot thick, the 
Candu system has fuel rods encased in 
individual pressure tubes [see illustration 
on page 18]. Although the U.S. pressure 
vessels are acknowledged to be well de
signed and extremely safe, it is evident 
that the failure of one pressure tube or 
even several in a Candu reactor would 
have less serious consequences than a 
break in a large pressure vessel. In the 
event that one of the pipes supplying 
cooling water to a U.S. reactor should 
rupture, the reactor core would have to 
be cooled promptly by water from an 
emergency cooling system. How success
fully such a system would operate in a 
real crisis is a matter of earnest dispute. 
The Candu reactors have a similar emer
gency cooling system, but in addition a 
large volume of heavy-water moderator, 
isolated from the heavy-water cooling 
cycle, is constantly available to absorb 
heat in a coolant-loss accident. A final 
safety advantage of the Candu scheme 
is the use of on-power fueling, which 
means that a smaller quantity of heat 
from decaying fission products is stored 
in the reactor at any one time than is 
stored in U.S. reactors, in which fission 
products accumulate for nine or 10 
months between refuelings. On-power 
refueling also increases the overall avail
ability of Candu reactors to the utility 
operator. No one of these features was 
chosen in isolation to enhance the char
acteristics of the system. Rather, each 
one stemmed logically from Canada's po
litical, economic and technolOgical posi
tion during the decade (1954-1964) in 
which Candu was developed. 

,AIthough assigning the paternity of any 
complex technical enterprise, in

volving the ideas of scores of contribu
tors, is hazardous, it is generally ac
knowledged that the principal credit for 
the Candu concept goes to W. Bennett 
Lewis, who was appointed director of 
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the Chalk River Nuclear Laboratories in 
1946 after a distinguished wartime ca
reer in Britain in the development of 
radar. When Lewis came to Chalk River, 
a small community some 125 miles west 
of Ottawa, he found an isolated branch 
of the Manhattan project left over from 
World War II. The chief technical effort 
at Chalk River had been the design and 
construction of ZEEP-1 (Zero-Energy 
Experimental Pile No. 1), a reactor mod
erated by heavy water in which uranium 
238 would be transmuted into pluto
nium. ZEEP did not, in fact, go critical 
until after the first atomic bomb had 
been dropped on Hiroshima. By 1947, 
however, a much larger heavy-water re
search reactor, NRX, was completed and 
a still larger one was planned, although 
it was not finished until 1957. 

The design and operation of such re
actors trained a corps of specialists in 
reactor physics, chemistry and engineer
ing with special experience in' heavy
water technology. Lewis recognized per
haps more clearly than anyone else that 
this resource of trained manpower could 
be used to develop a power reactor that 
employed heavy water as a moderator 
and natural uranium as a fuel. The con
cept would enable Canada to exploit her 
large resources of uranium without be
coming involved in U-235 enrichment, 
which was then and for many years 
thereafter a secret technology. In this 
way Canada, and other nations if they 
wished, could enjoy the benefits of nu
clear power without undertaking work 
that was closely associated with weapons 
technology. 

In August, 1951, Lewis presented "An 
Atomic Power Proposal" to C. J. Mac
kenzie, president of Canada's National 
Research Council. Mackenzie passed the 
proposal on to C. D. Howe, Minister of 
Trade and Commerce, who responded 
favorably. The document, which was not 
declassified until 1955, listed three Chalk 
River findings that indicated the fea
sibility of a natural-uranium power 
reactor. First, the operation of NRX 
showed that energy could be extracted 
from uranium at a cost from a third to a 
fourth that of the equivalent thermal 
output from coal or oil, at prevailing 
prices. Second, one could expect that a 
charge of 15 tons of natural uranium, in 
the form of uranium oxide, would pro
vide an output of 400,000 thermal kilo
watts, equivalent after conversion to 
120,000 KWe. Third, the system seemed 
capable of producing steam at 550 de
grees Fahrenheit and a pressure of 1,500 
pounds per square inch. Although these 
values were well below the temperatures 
and pressures achieved in modern fossil-
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fuel power plants, they would compare 
favorably with temperatures and pres
sures achieved in enriched-fuel light
water reactors. The key to the concept 
was, in Lewis' words, "neutron econo
my." In order to conserve the much 
weaker neutron flux from unenriched 
uranium, every effort had to be made to 
prevent the thermal (slowed-down) neu
trons from being absorbed before they 
could trigger new fissions in the fuel. 

Following Lewis' proposal machinery 
was set in motion to initiate a Canadian 
nuclear-power effort. A Crown corpora
tion, Atomic Energy of Canada Limited 
(AECL), was commissioned in 1952 to 
exploit the commercial possibilities of 
nuclear energy. The first board of direc
tors included Richard L. Hearn, the gen
eral manager of Canada's largest utility, 
Ontario Hydro, which was already antic
ipating a shortage of new hydroelectric 
sites and was increasingly committed to 
thermal power generation. 

In January, 1954, a group of engineers 
detached from Canadian utilities was as
sembled at Chalk River under the leader
ship of Harold A. Smith (now Ontario 
Hydro's vice-president for engineering 
and operations). They were to get an ac
celerated course in reactor physics from 
AECL personnel before designing a nu
clear power plant. By 1955 a tripartite 
agreement was concluded: AECL would 
provide the scientific backing, Ontario 
Hydro would operate the demonstration 
power reactor and the Canadian General 
Electric Company would have the prime 
responsibility for the design and manu-

facture of the components. The three 
participants were to split the costs on a 
70-25-5-percent basis. Eight of the sen
ior Chalk River engineers moved to Pe
terborough, Ont., under J. S. Foster (now 
president of AECL) to undertake the ac
tual engineering design of the Nuclear 
Power Demonstration plant (NPD). 

The engineering group under Smith, 
which remained at Chalk River, was 
armed with a report, NPG-5, that sum
marized the reflections of Chalk River on 
the project. NPG-5 envisioned that the 
reactor would be enclosed in a pressure 
vessel, similar to those in U.S. designs, 
and that the fuel rods would consist of 
metallic uranium tightly jacketed in a 
light metal to resist attack by water. 

Smith and his engineering group im
mediately began to modify NPG-5. In 
place of a pressure vessel they proposed 
that the fuel rods be enclosed in individ
ual tubes through which the heavy-water 
coolant would flow at a pressure of 1,450 
pounds per square inch. The heavy
water moderator would surround the 
tubes and would be roughly at atmo
spheric pressure. The pressure-tube con
figuration, which closely resembles the 
design of steam boilers in fossil-fuel pow
er plants, was perhaps the most impor
tant single decision in the development 
of the Candu system. 

The Chalk River scientific group had 
no objection to the pressure-tube scheme, 
but it pointed out that the tubes would 
interpose a substantial mass of poten
tially neutron-absorbing material among 
the fuel rods, which would not be the 
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case in the pressure-vessel arrangement. 
In order to conserve the precious neu
trons the pressure tubes would have to 
be made out of

' 
a material, such as zir

conium, with a small neutron-capture 
, cross section, At first this requirement 

bafRed the design engineers; zirconium 
was so new as a ·commercial metal that 
neither reliable mechanical specifications 
nor accurate cost figures were available, 
Quoted prices ranged all the way from 
$60 to $500 a pound. Finally a new zir
conium alloy called Zircalloy-2, devel
oped for the U : S. submarine-reactor pro
gram, was found to be satisfactory. 

The next change the engineering 
group made in the original NPG-5 de
sign was to turn the reactor on its side so 
that the pressure tubes would be hori
zontal. In this way the structural mem
bers needed to support the reactor would 
not interfere with the hundreds of inlets 
in the reactor face for coolant, fuel and 
instruments. Loading a long, heavy fueL 
bundle into a narrow, hot horizontal tube 
presented problems of handling. The en
gineers asked: Why not cut the fuel ele
ments into short lengths? 

The physicists responded enthusiasti
cally. Cutting the elements into chunks 
opened the way to shufRing the fuel, 
thereby solving the problem of getting 
the maximum burnup out of all the fuel 
in the reactor core. Burnup is expressed 
as the number of megawatt-days of ther
mal power generated per ton of fuel. In 
the typical case of a single long fuel ele
ment the region near the midpoint, 
which is exposed to the highest neutron 
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flux, may achieve a burnup of 10,000 
megawatt-days per ton, whereas the 
ends of the element, which are exposed 
to a much lower flux, may reach only 40 
percent of that value. A stubby element, 
on the other hand, could be inserted into 
the fuel channel at one end and grad
ually pushed into the central core by the 
insertion of more short pieces. By the 
time the element was finally ejected at 
the other end of the channel it would 
have achieved a burnup of nearly 10,000 
megawatt-days, 30 times what had been 
thought possible only five years earlier. 

The final significant change worked 
out in this interaction between engi
neers and scientists was the substitution 
of uranium oxide fuel for metallic fuel. 
The oxide fuel is better able to retain 
fission products, including gaseous ones, 
at high temperature without swelling. It 
also resists attack by water. Only its 
much lower thermal conductivity mili
tated against it. That deficiency was 
solved by bundling together a number of 
thin oxide rods coated with Zircalloy, 
through which the heavy water would 
circulate. By December, 1956, a new re
port, NPG-I0, was drafted by the Chalk 
River engineering-development group 
and was given to the Peterborough de
sign-engineering group for assessment. 
The demonstration reactor envisioned in 
NPG-I0 was essentially the Candu re
actor of today. 

The first prototype embodiment of the 
NPG-lO power reactor, the Nuclear 

Power Demonstration plant, was de-
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signed to generate 22 MWe, a tenth of 
what was considered a commercial scale 
at the time. The NPD was sited 30 miles 
up the Ottawa River from the Chalk Riv
er Nuclear Laboratories. Even the mod
est scale of nuclear engineering required 
by the reactor was a challenge to exist
ing Canadian manufacturing facilities. 

For example, the vessel enclosing the


reactor core was made of aluminum 
sheets with a total thickness of 1* inches, 
shaped into a cylinder 15 feet long and 
17 feet in diameter. The fabrication of 
the vessel required 200 separate joints, 
which consumed two tons of weld metal. 
The welds were checked by taking 
12,000 radiographs, which revealed 50 
initial defects necessitating the removal 
of 20 feet of weld. Repeated inspections 
showed that there was only about a 50 
percent chance of correcting the defect 
on the first try. The second round of in
spection disclosed 26 remaining defects, 
the third round 13, the fourth round sev
en, the fifth round five and the sixth 
round none. 

Further lessons were learned during 
the operation of the NPD. In the first at
tempt at refueling while the reactor was 
running, two leaks in the head of the 
fueling machine, operating at 1,200 
pounds per square inch, allowed 75 tons 
of heavy water to escape over a period 
of two days until the leaks could be re
paired. As fast as the heavy water leaked 
out it was collected in a sump and 
pumped directly back into the reactor, 
impure and oily as it was, to keep the 
fuel cool. The total volume of leakage 
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organic liquid with a boiling point much higher than that of water. 

With terphenyl as a heat·transport medium it should be possible 

to generate turbine steam with a temperature of at least 315 de. 

grees C. (599 deg.rees F.), thereby raising the overall thermal effi. 

ciency of a nuclear power plant from present value of 30 percent to 
35 percent. (Modern fossil·fuel generating stations achieve 40 per
cent.) Atomic Energy of Canada Limited has been operating an ex.
perimental organic.cooled reactor at Whiteshell, Man., since 1966. 
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CANDU POWER REACTORS START-UP GENERATING CAPACITY 
DATE (MEGAWATTS) 

ROLPHTON, QUE.: 
NUCLEAR POWER DEMONSTRATION PLANT (NPD) 1962 22 

DOUGLAS POINT, ONT.: 
OPERATING 1967 200 

GENTILLY, QUE.: 
BOILING LIGHT WATER (BLW) (EXPERIMENTAL) 1971 250 

UNDER CONSTRUCTION (CONVENTIONAL CANDU) 1979 600 

PICKERING, ONT.: 
OPERATING 1971 4 x 540 

UNDER CONSTRUCTION 1980 4 x 540 

BRUCE,ONT.: 
UNDER CONSTRUCTION 1976 4 x 745 

PLANNED 1982 4 x 750 

POINT LEPREAU, N.B.: 
UNDER CONSTRUCTION 1980 600 

DARLINGTON, ONT.: 
PLANNED 1983 4 x 800 

PAKISTAN: 
OPERATING (KARACHI) 1971 125 

INDIA: 
OPERATING (RANA PRATAP) 1972 2 x 200 

PLANNED (KALPAKKAM) 1980 ? 2 x 200 

PLANNED (NARORA) 1980? 2 x 200 

ARGENTINA: 
UNDER CONSTRUCTION (RIO TERCERO) 1979 600 

SOUTH KOREA: 
PLANNED (WOLSUNG) 1980 600 

EIGHT CANDU POWER REACTORS, ranging in output from 200 to 540 MWe, are now 

operating in three countries_ The count does not include the 22-MWe Nuclear Power Dem

onstration plant (NPD), which proved out the Candu concept, and the 250-MWe experi

mental unit at Gentilly, Que_, which uses light water instead of heavy water as a coolant in 

a reactor that otherwise follows the Candu scheme_ The two Candu units at Rana Pratap 

were a Canadian.Indian project in which Indian companies made many of the components. 

Candu·type units planned for Kalpakkam and Narora will be completed without further 

Canadian aid. Plutonium for India's nuclear explosion of 1974 was "cooked" in a small 

heavy.water natural·uranium reactor, a copy of Canada's NRX reactor at Chalk River, Onto 

exceeded the total inventory of heavy 
water normally required in the NPD 
both as a moderator and as a coolant. 

With the experience gained with the 
NPD, plans were drawn up for the first 
commercial station, to be located at 
Douglas Point, dii"ectly west of Toronto 
on the eastern shore of Lake Huron, 
This 200-megawatt station would be fi
nanced by the Canadian government and 
owned initially by the AECL but would 
be purchased by Ontario Hydro "as soon 
as it was operating efficiently," Two prin
cipal changes were made in designing 
the Douglas Point reactor: the vessel en
closing the reactor core was fabricated 
of stainless steel instead of aluminum, 
and a small number of "booster rods" 
containing slightly enriched uranium 
were introduced so that the reactor 
could be restarted faster after a shut
down, Otherwise the changes were few, 
since the original target date for the 
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completion of the Douglas Point station 
was 1964, only two years after the first 
operation of the 22-MWe prototype. 

In spite of an intensive program of de-
velopment, a variety of problems led 

to delays that prevented the start-up of 
the Douglas Point station until early in 
1967. From the outset the seals on the 
transport pumps that circulated the 
heavy water leaked badly. Within a few 
months the station had to be shut down 
so that the pumps could be rebuilt and 
fitted with controlled-leakage throttle 
bushings, Ever since then the reactor op
erators have found it difficult to control 
the How of heavy-water coolant because 
of the large gland How required by the 
new bushings, To date Douglas Point's 
cumulative availability has been disap
pointing: only 45 percent compared with 
60 percent for the NPD prototype, 

To be fair it should be noted that 

much of Douglas Point's downtime can 
be attributed to a persistent shortage of 
the most critical component of the Ca
nadian nuclear-power program: heavy 
water, Many familiar with the problem 
blame the heavy-water drought on an 
American, Jerome Spevack, head of the 
Deuterium Corporation. That company 
held patents to variants of the GS hydro
gen sulfide ion-exchange process, which 
was used by the U, S. to produce heavy 
water at Savannah River, Ga" and was 
subsequently licensed to AECL, 

Spevack persuaded political authori
ties in the coastal province of Nova 
Scotia to back his plan for producing 
heavy water at Glace Bay, near the de
pressed coal town of Sydney on Cape 
Breton Island, AECL refused to provide 
Spevack's Canadian firm, Deuterium of 
Canada, with financial assistance but 
agreed to buy its product. Unfortunately 
the Sydney plant produced only a trickle 
of heavy water before it was forced to 
shut down, defeated by insoluble design 
problems and by corrosion caused by the 
use of salt water as a coolant. Spevack 
managed to sell his interest, leaving 
Nova Scotia with a useless $90-million 
plant. The plant has now been complete
ly rebuilt by AECL at a cost of more 
than $100 million and is about to be 
restarted. 

Following the collapse of Spevack's 
venture AECL was left without a domes
tic supply of heavy water, Canadian 
General Electric was thereupon persuad
ed to build a plant at Port Hawkesbury 
in Nova Scotia. Beset by various prob
lems of its own, the plant nevertheless 
proved capable by 1967 of achieving 
more than half of its design capacity of 
400 tons of heavy water per year, using 
AECL's version of the G S  process, Un
fortunately for General Electric it had 
contracted to sell heavy water on an un
realistic declining price schedule, which 
turned out to be far below the prevailing 
world price of about $50 per pound. 
When the contract price fell to $17 per 
pound early this year, General Electric 
asked for relief. AECL has now agreed 
to buy back the plant for $90 million, a 
figure that at least allows General Elec
tric to recover its investment. 

Meanwhile the domestic success of 
the Candu concept had led to an acute 
shortage of heavy water in 1970, -In or
der to provide heavy water for the four
reactor Pickering station, AECL had to 
buy the heavy-water inventory of the 
experimental Swedish Marviken heavy
water station for $11.9 million and pay 
an additional $55,8 million to the U.S. 
for almost two million pounds of heavy 
water extracted at Savannah River, A 
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few million dollars' worth of heavy water 
was even imported from the U. S. S.R. in 
1970 and 1971. 

In spite of these purchases AECL had 
to juggle its limited heavy-water sup
plies. For example, Douglas Point had to 
be shut down in order to get enough 
heavy water to start up the larger and 
more efficient Pickering station. Douglas 
Point was subsequently restarted with 
heavy water borrowed from Quebec's 
first nuclear station at Gentilly. The plant 
at Gentilly is an experimental prototype 
to test the performance of a modified 
Candu system using heavy water as a 
moderator but light water as a coolant. 
The shortage of heavy water finally came 
to an end with the completion late in 
1973 of a heavy-water plant with an an
nual design capacity of 800 tons, built 
by AECL at Bruce, near Douglas Point. 
The plant has since been bought by On
tario Hydro. 

Roughly one ton of heavy water is 
needed for each additional megawatt of 
installed Candu capacity. At present the 
Bruce plant and a plant half as large at 
Port Hawkesbury are running at just 
over 70 percent of their design capacity. 
The start-up of the rebuilt Glace Bay 
plant will prOVide a total annual produc
tion of about 1,000 tons, or enough for 
a nuclear-power growth rate of 1,000 
MWe per year. Beginning in 1980, how
ever, Ontario Hydro alone expects to 
expand its nuclear capacity at the rate of 
2,500 MWe per year. In addition AECL 
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has further commitments to Quebec and 
New Brunswick, and obligations to Ar
gentina, South Korea and Britain as well. 
To provide the needed heavy water 
Ontario Hydro is building three more 
heavy-water plants, all at the Bruce site, 
bringing total capacity to 3,200 tons per 
year. (Some of the process heat for 
heavy-water production is being sup
plied by nuclear steam from the Douglas 
Point nuclear station.) AECL will sup
plement the heavy-water production of 
its two Nova Scotia plants with 800 tons 
per year from a plant at La Prade, near 
the Gentilly nuclear site. The total pro
jected output of all the Canadian plants 
(assuming that they will operate at 70 
to 75 percent of capacity) is 3,500 tons 
of heavy water per year, worth some 
$350 million at current prices. 

.N. Canada's only utility with experi-
ence in nuclear engineering, On

tario Hydro has taken the lead in modify
ing the Candu concept. Its cautious ap
proach is typical of a large utility, and it 
has stayed with the basic Candu con
cept for stations projected well into the 
1980's. On the other hand, it has worked 
steadily to improve the details of the 
system: instrumentation, pumps and oth
er subsystems needed to minimize leak
age of the costly heat-transfer medium. 
Wherever possible, sophistication has 
been replaced by simplicity. 

The performance of the 2,160-MWe 
Pickering station, in spite of a construc-

Q U E  B E C 

tion strike that delayed the completion 
of the first unit by nine months and an 
operators' strike that shut the plant down 
for a few months in 1973, has been ex
emplary. In February, 1973, the fourth 
unit was operating at full power only 12 
days after first going critical-a record for 
any type of power reactor. Since the first 
two units went into service they have 
operated at a capacity factor of 80 per
cent (equivalent to prodUCing 80 percent 
of theoretical capacity at continuous full 
power). Unit No. 4 has achieved a rec
ord capacity factor of 93 percent. Only 
unit No. 3, shut down for half of 1974 
because of cracks in its pressure tubes, 
has scored no better than 65 percent. 

The cracking incident, the only major 
technical malfunction at Pickering so far, 
led to vigorous corrective action. Within 
three months, at the end of 1974, a total 
of 17 leaking tubes were identified and 
were removed from the radioactively hot 
core. The tubes were sent to Chalk Riv
er, where it was determined that the tiny 
cracks (less than an inch in length) were 
in regions of high residual stress near 
rolled joints, and had resulted from 
faulty rolling technique. The cracks 
propagated only during cold shutdown; 
at operating temperature the zirconium 
hydride that had propagated the crack 
was reabsorbed into solution. Replace
ment tubes were installed within three 
months and the unit was restarted in 
April of this year. Similar tubes in unit 
No. 4 and in two of the Bruce units were 
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the power in one province, Ontario. (For the U.S. as a whole nu. 

clear energy supplies 8.5 percent.) The three heavy.water plants 

now operating have a capacity of 1,600 tons per year. When units 

now nnder construction are completed, capacity will be 4,800 tons. 
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removed and were relieved by repetitive 
stressing as a precaution against further 
cracking. A correct rolling technique was 
prescribed for all future tube installa
tions. 

It is perhaps obvious that the strength 
of the Candu system in contributing 

to the country's energy self-sufficiency is 
more than simply technical. It is also a 
matter of social organization. In contrast 
to the U. S. system of encouraging private 
industry to develop nuclear power under 
the supervision of public authorities at 
various levels, the Canadian approach 
has been one of government-guided de
velopment. W ork on the Candu concept 
has from the first been a partnership in
volving a governmental regulatory au
thority (the Atomic Energy Control 
Board), a public development organiza
tion (AECL) and private manufacturers 
(mainly Canadian General Electric and 
Westinghouse of Canada), together with 
publicly owned utilities. 

Unlike General Electric and Westing
house in the U. S., which respectively 
promoted the boiling-water reactor and 
the pressurized-water reactor, no Cana
dian company was large enough to act as 
both a supplier and a designer of com
plete nuclear power stations. For a brief 
period in the 1960's the Civilian Atomic 
Power Department of Canadian General 
Electric attempted to fill this role. It sold 
one complete station to Pakistan, the 
Kanupp reactor, which went critical in 
1971 and is still operating successfully 
(although not yet at its design capacity 
of 125 MWe because of limitations in the 
associated power grid). 

Encouraged by this success, Canadian 
General Electric tried to market its own 
version of the Candu system, named 
HWR. This system was similar to the 
Candu one but had vertical pressure 
tubes. After a year or so without con
tracts the company liquidated the opera
tion. Most of the designers and engineers 
were absorbed back into AECL's "power 
projects" group, and Canada was back to 
a Single reactor-design group. 

As things now stand (and they have 
changed very little since 1962) the Atom
ic Energy Control Board is the final au
thority in Canada's nuclear affairs. It 
regulates the siting, the design and the 
safety and security systems of all nuclear 
installations ; the manufacture, transport 
and utilization of all nuclear equipment, 
nuclear fuel and other radioactive ma
terial, and all import and export of nu
clear commodities and equipment. In its 
major actions the board works closely 
with its sister government organization 
AECL (from which it draws most of its 
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personnel). This is not t o  say that there 
is always perfect harmony among the 
regulatory authorities. For example, 
AECL would like to sell more reactors 
abroad than the Atomic Energy Control 
Board has so far allowed it to. 

There is no question that the Canadian 
government was acutely embarrassed by 
India's underground nuclear explosion 
in 1974. AECL had regarded India as an 
apt pupil in nuclear matters. The Cana
da-India Research reactor (CIR) in 
Trombay in which India "cooked" its 
plutonium (from its own natural ura
nium) was a copy of Chalk River's NRX, 
and Canada contributed technical as
sistance and a major share of the cost. 
AECL also took a prominent part in aid
ing and financing a two-unit power sta
tion of the Candu type at Rana Pratap. 
The Indian effort was a joint one in 
which AECL deliberately tried to en
courage Indian self-sufficiency, includ
ing the development of a local compo
nent-manufacturing industry. The suc
cess of the policy is suggested by the fact 
that even when Canada had cut off all 
nuclear trade and aid after the 1974 ex
plosion, India's Atomic Energy Commis
sion announced that it was proceeding 
with two more two-unit stations of the 
Candu type at Kalpakkam and Narora. 
It conceded, however, that their comple
tion might be delayed by as much as five 
years as a result of the withdrawal of 
Canadian help. 

.N.. present Canada's nuclear firms have 
full order books. For example, in 

Ontario the first unit of the 3,000-MWe 
Bruce station will start up early next 
year, with all four units scheduled to be 
operating by 1978. By that time the proj
ect of doubling the size of the Pickering 
station will be in full swing, with comple
tion scheduled for 1985. By then another 
3,000-MWe station will be well under 
way at the Bruce site and still another 
3,000-MWe station at Darlington will 
have been started, with completion 
scheduled for 1984. By 1980 two more 
600-MWe nuclear units will be in opera
tion, one at Gentilly in Quebec and the 
other at Point Lepreau in New Bruns
wick; they will be the first commercial 
units in each province. Manitoba Hydro, 
still busy completing a huge hydroelec
tric system on the Nelson River, has in
timated that it will make a nuclear com
mitment by 1980. 

Beyond this, Candu stations will be 
running by 1979 at Rio Tercero in Ar
gentina (which has built an expensive 
heavy-water prototype plant of its own 
at Atucha). A unit of similar size should 
be operating a year later in South Korea. 

Both countries have expressed interest in 
a second unit. 

Meanwhile in Britain the nuclear au
thorities have recognized a technological 
gap between its gas-cooled, graphite
moderated reactor program and the fast 
breeder reactor, which is expected to 
prevail in the future. The gap, expected 
to last for at least a decade, is being 
filled by the "steamer," a heavy-water 
moderated, vertical-pressure-tube reac
tor using slightly enriched uranium, 
which owes muclJ to the Candu experi
ence and for which Canada has agreed 
to supply 1,000 tons of heavy water by 
1980. 

AECL scientists and engineers, how-
ever, are far from complacent about 

today's Candu system. They point out 
several major weaknesses : the pressur
ized-heavy-water coolant cannot be 
raised to a temperature high enough to 
generate steam of a pressure and tem
perature comparable to that in conven
tional fossil-fuel stations. The Candu 
units therefore require large turbines 
with a speCial blade design to prevent 
erosion from wet steam. If a way could 
be found to generate hotter and higher
pressure steam from a Candu reactor, 
the overall thermal efficiency of the sta
tion could be raised from the present 30 
percent to about 40 percent, . which is 
now achieved in the best fossil-fuel pow
er plants. 

Another deficiency is that the Candu 
reactor cannot be controlled as finely as 
the utilities would like. Among the fis
sion products of uranium 235 is iodine 
137, which decays in a few minutes to 
gaseous xenon 135. The last has such an 
enormously large .capture cross section 
for thermal neutrons that even in low 
concentrations it can devour enough 
thermal neutrons to lower K below the 
critical value of 1. When a Candu reac
tor is running at close to full power, 
the steady-state equilibrium between the 
neutron flux and the concentratiqn of 
xenon 135 is such that criticality is main
tained. If one wanted to cut back the re
actor abruptly to half power because of 
lower power demand, however, the deli
cate equilibrium would be upset and the 
reactor would "poison out," that is, shut 
itself down. The reactor cannot be re
started until the xenon 135 decays into 
daughter products with lower capture 
cross sections, which takes about 40 
hours. This deficiency is overcome in the 
latest Candu designs by the insertion of 
rods of slightly enriched uranium. 

Finally, Candu reactors, like the pres
ent generation of U. S. reactors, are ad
mittedly wasteful of uranium because of 
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their once-through fueling. Even Cana
da, richly endowed with uranium though 
it is by world standards, sees an increas
ing shortage, even for its own purposes, 
by the end of the century. AECL be
lieves some relief can be gained by turn
ing to a thorium cycle in a reactor that 
is something less than a true breeder. 
AECL experts state that with little, if 
any, change in the Candu reactor it 
should be possible to burn thorium in 
combination with either U-235 or plu
tonium. Calculations show that a self
sufficient thorium cycle with a capacity 
of 1,000 MWe could be launched with 
an initial inventory of no more than 
1,200 metric tons of natural uranium to 
proVide the initial supply of U-235. In 
the thorium cycle the common isotope of 
thorium, thorium 232, is converted to fis
sionable uranium 233 by the absorption 
of a neutron. 

Meanwhile, until the development 
work on the thorium cycle has pro
gressed further, AECL is pursuing a 
more direct route toward upgrading the 

low efficiency of the all-natural-uranium 
cycle. It has nearly completed a modest 
fuel-fabrication pilot plant at the Chalk 
River Nuclear Laboratories to produce 
plutonium-enriched uranium fuel ele
ments for testing in research reactors. 
The idea is to add about half a gram of 
plutonium 239 to each kilogram of ura
nium. Since a kilogram of natural ura
nium contains 7.2 grams of U-235, the 
"spiked" fuel would contain a total of 
7.7 grams of fissionable material. Even 
with this minor enrichment it should be 
possible to approximately double the to
tal power output of each fuel pellet be
fore it must be replaced. The anticipated 
improvement is from 8,000 megawatt
days per ton to 15,000 megawatt-days. 

In addition to considering new fuel 
cycles for Candu, AECL is restudying 
heat-transport mediums. A prototype re
actor using light water as a coolant in
stead of heavy water has been operating 
at Gentilly since 1971. A research reac
tor at Whiteshell in Manitoba has been 
operating since 1966, cooled by ter-

phenyl, an organic liquid that boils at 
something above 700 degrees F. 

Ontario Hydro is directing its efforts 
toward operating the present Candu re
actors more efficiently. One proposal is 
to run the reactors at close to full power 
and to store excess steam at high pres
sure in large underground caverns to 
handle peak loads. Another use for off
peak steam would be to supply a large
scale district heating system. Since the 
Pickering station is less than 20 miles 
from downtown Toronto, engineers of 
Ontario Hydro have been studying dis
trict-heating systems in Sweden to see 
how they might be adapted to Canadian 
circumstances. Another attractive possi
bility, based on the use of waste heat 
rather than on primary steam produc
tion, is for year-round fish farming. A 
feasibility study is now under way to see 
how the waste heat from a nuclear pow
er station can be used most effectively 
for aquaculture. In Canada's frigid cli
mate heat must be considered a valuable 
resource rather than a pollutant. 

HEA VY·W ATER PLANT on the shore of Lake Huron at Bruce, 

Ont., is the towers beyond the smokestack at right center in this 

photograph. On the point beyond the towers is the Bruce Nuclear 

Power Station, which is still under construction. The domed build. 

ing in the left foreground is the Douglas Point Nuclear Power Sta. 

tion, the prototype of the Candu system. When the Bruce heavy. 

water plant is completed in 1980, it will consist of four units with a 

total capacity of 3,200 tons per year. Only- one unit is now in opera. 

tion. A typical sample of water from Lake Huron, which supplies 

the Bruce plant, contains from 145 to 148 molecules of deuterium 

oxide in every million molecules of water. The separation of deu· 

terium oxide from light water is carried out by a modified distilla. 

tion process that exploits the fact that deuterium oxide has a slight. 

ly higher boiling point than light water : 101.52 degrees C. as against 

100 degrees at normal atmospheric pressure. The distillation process 

yields deuterium oxide with a minimum purity of 99.75 percent. 
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THE FINAL STEPS IN SECRETION 

Precisely how does the living cell secrete substances? It seems 

that such substances are packaged in a membrane that releases 

its contents when it fuses with the outer membrane of the cell 

T
he main business of many cells in 
a multicellular organism is to man
ufacture and export products that 

are put to use elsewhere in the organism 
or outside it. The products of these se
cretory cells range from ions and simple 
molecules to complex molecules of pro
tein and polysaccharide. In our labora
tory at the University of California at 
Berkeley we have been concerned with. 
the export side of the business, that is, 
with ascertaining how the manufactured 
product is transported from the cell's 
cytoplasm, where it is made, through in
ternal or external membranes and into 
the cell's environment. Even though the 
locus of secretion is minuscule and a 
single secretory event is completed with
in a millisecond or so, we have been 
able to determine the major steps in the 
process. 

In considering secretion it is useful to 
bear in mind the distinction between the 
prokaryotic cell, which lacks a distinct 
nucleus, and the eukaryotic cell, which 
has one. In bacteria and other prokary
otic cells, where the internal organiza
tIon of the cell is relatively simple, the 
secretory process is also simple in that a 
product made in the cytoplasm passes 
through the plasma membrane, or outer 
membrane, of the cell and is released 
directly into the surrounding medium. 
Eukaryotic cells differ from the simpler 
ones in having elaborately folded intra-

by Birgit Satir 

cellular membranes, collectively known 
as the endoplasmic reticulum. The endo
plasmic reticulum divides the cytoplasm 
of the eukaryotic cell into two compart
ments, the cytoplasmic matrix and the 
cisternal space. In these more highly or
ganized cells many secretory products 
are made on the membranes of the en
doplasmic reticulum and then pass into 
the cisternal space, where they are modi
fied and packaged for release at an ap
propriate time. 

M any spectacular examples of special-
ized secretory events are known 

both in protozoans and in more complex 
organisms. In the more complex orga
nisms the product often accumulates at 
the apex of the secretory cell in a mem
brane-bounded container: the secretory 
granule or vesicle. For example, the apex 
of an acinar cell of the human pancreas 
is usually filled with spherical zymogen 
granules, which are the secretory vesi
cles of this cell. They contain the diges
tive enzymes of the pancreatic juice, 
such as trypsin and chymotrypsin, in a 
precursor form. 

A second example is found in the high
ly differentiated sperm cell of many ani
mals. As the sperm cell develops, a spe
cial secretory granule in it matures. It is 
a membrane-bounded vesicle called the 
acrosomal granule. The granule comes 
to lie above the nucleus at the front end 

FREEZE.FRACTURE ELECTRON MICROGRAPH of parts of several cells in the s�livary 
gland of a rat shows numerous round protuberances and depressions that represent the 
vesicles, or tiny packages, that carry saliva to the outer membrane of tbe cells. In the freeze· 
fracture technique tissue is first frozen and then fractured. When the tissue fractures, it 
tends to do so at two.layered membranes, so that bodies that project through the memo 
branes appear as protuberances on one fractured surface and as depressions on the other. 
In this micrograph, which enlarges the structures 32,000 diameters, several structures other 
than secretory vesicles appear. The large round object at lower right is the nucleus of one 
of the cells. The convoluted forms at lower left are part of the endoplasmic reticulum, 
where the substance to be secreted is made. The lozenge.shaped objects are mitochondria. 

of the sperm cell, where it a'Yaits con
tact with the protective layers around 
the egg cell. At a crucial moment the 
acrosomal granule fuses with the plas
ma membrane of the sperm cell and re
leases its content of digestive enzymes, 
which disrupt the protective coats of the 
egg cell and enable the sperm to reach 
the egg-cell plasma membrane. 

Another important secretory event 
takes place at the synapse, or region of 
contact, between a nerve cell and a mus
cle cell in a vertebrate animal. The nerve 
cell's long axon branches and becomes 
filled with small vesicles containing a 
neurotransmitter such as acetylcholine. 
When a nerve impulse traveling down 
the axon of a motor nerve cell reaches 
the synapse, a swarm of vesicles quickly 
fuse with the cell membrane, releasing 
the neurotransmitter. The released sub
stance diffuses across the narrow space 
between the axon and the muscle cell. 
The muscle cell is thus stimulated to con
tract. This structural picture fits rather 
well the physiological work done by Sir 
Bernhard Katz and his colleagues at 
University College London, who showed 
that acetylcholine is released in quanta, 
or packets. Each quantum corresponds 
to the emptying of one synaptic vesicle. 

A final example of eukaryotic secre
tion is one that we are working on in our 
laboratory. It involves the secretion of 
mucocysts and trichocysts by ciliated 
protozoa such as Tetrahymena and Para
mecium. When one of these single-cell 
organisms encounters adverse condi
tions, it discharges mucocysts and trich
ocysts en masse. In Tetrahymena and 
Paramecium the secretory vesicles are 
not gathered at the apex of the cell but 
instead lie along precisely defined rows 
running most of the length of the cell. 

Much of the clarification of the path
way by which a secretory product moves 
from its site of synthesis to the final ma-
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LUMEN 

ZYMOGEN GRANULE 

" J}---==.o:�:--::-,=-::--::-.;-,---=-.,-;',,;--:,;,--- CONDENSING VACUOLE 

ROUTE OF SECRETION for an acinar cell of the human pan· 
creas is outlined. Such a cell makes precursors of the digestive 
enzymes of the pancreatic juice. The secretory products are made 
on the "rough" endoplasmic reticulum. They then pass to the part 
of the "smooth" endoplasmic reticulum known as the Golgi ap· 
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Q����������---GOLGI APPARATUS 

'.d,. �*.:w..,-,-,-,�--- MITOCHONDRION 

r;..;;.;-;.,i-:'7'7::--';;---- ROUGH ENDOPLASMIC 

RETICULUM 

paratus, where they are concentrated. Next the secretory products 
are packaged in membrane·bounded vesicles, or containers, called 
zymogen granules. The contents of a single granule are discharged 
into the lumen, or extracellular space, by means of a fusion 
between the membrane of the granule and the cell membrane. 
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ture secretory vesicle has resulted from 
the work of George E. Palade and his 
collaborators, beginning some 20 years 
ago when Palade was at the Rockefeller 
Institute for Medical Research. In those 
early days of applying electron micros
copy to biology Palade and Keith R. 
Porter realized that the endoplasmic re
ticulum could be divided into several 
compartments, including a "rough" en
doplasmic reticulum where the particles 
known as ribosomes are bound to the 
membranes and a "smooth" endoplasmic 
reticulum where the membranes are free 
of ribosomes. It is the ribosomes that 
synthesize protein. In protein-secreting 
cells such as the ones found in the pan
creas the rough endoplasmic reticulum 
is often quite extensive. 

The secretory proteins of the pancre
atic acinar cell are manufactured in this 
extensive reticulum, which lies in con
centric sheets around the basal end of 
the nucleus. When cells are fractionated 
to prepare isolated homogeneous cell 
components, the sheets often disinte
grate into small, ribosome-studded, 
membrane-bounded fragments called 
microsomes. Colvin M. Redman and Da
vid D. Sabatini, working at Rockefeller 
University, prepared microsomes under 
conditions where the synthesis of pro
tein could still proceed. They were able 
to show that radioactively labeled amino 
acids, which are eventually incorporated 
into the proteins made by the micro
somes, never appeared free in the me
dium. Instead all labeled protein was in
jected into the center of the microsome, 
that is, into the compartment corre
sponding to the cisternal space. Because 
of the directional nature of the secretion, 
Redman and Sabatini call this process 
vectorial synthesis and transport. In the 
eukaryotic cell the process may corre
spond to the passage of secretory ma
terial through the plasma membrane of 
the bacterial cell, since for the bacterial 
cell the cisternal space is effectively con
nected to the cell's external environment. 

Philip Siekevitz and Lucien Caro and 
their colleagues, working with Palade, 
employed two techniques to follow the 
passage of the newly synthesized se
cretory proteins through the pancreatic 
acinar cell. They worked first with cell 
fractionation and later with electron-mi
croscope autoradiography, labeling with 
radioactive tritium an amino acid that 
becomes incorporated into proteins in a 
process that can be followed at succes
sive times. (In this kind of autoradiogra
phy a specimen prepared for electron 
microscopy is coated with a thin layer 
of photographic emulsion. In time the 

RIBOSOME MESSENGER RNA 

I 

MECHANISM OF SECRETION begins with ribosomes that are attached to the outside of 

the membrane of which the rough endoplasmic reticulum is made. The ribosomes read 

the genetic message borne by a molecule of messenger RNA and translate it into precursors 

of the secretory protein. The products of this action pass from the ribosomes into the cis· 

ternal space, or inner cavity, of the reticulum, moving from there to the Golgi apparatus. 

tritium decays, leaving a track in the 
emulsion. When the emulsion is devel
oped and the micrograph is then made, 
the site of the labeled protein is re
vealed.) The label was found to move 
from the rough endoplasmic reticulum 
to the zymogen granules to the cell's ex
ternal environment [see illustration on 
opposite page]. In the pancreatic acinar 
cell, as in many cells, much of the 
smooth endoplasmic reticulum is orga
nized into a specialized grouping of 
membranes and larger and smaller vesi
cles called the Golgi apparatus (after 
its discoverer, the Italian microscopist 
Camillo Golgi). 

Many diagrams of secretory cells show 
a continuity from the internal space 
of the rough endoplasmic reticulum 
through the smooth endoplasmic reticu
lum to the outside. This interpretation is 
controversial, since in actuality such a 
continuity is rarely observed. Instead it 
seems as if one compartment of the in
tracellular membrane system is often 
connected to the next by means of a 
shuttle wherein small bits of membrane 
bud off the end of one compartment and 
fuse with the next compartment. Which 
compartments are always interconnected 
and which are intermittently intercon
nected by means of shuttle vesicles de
pends on the cell being examined. 

The various subdivisions of the endo
plasmic reticulum lie in specific zones of 
the cell: the rough endoplasmic reticu
lum is at the base, the Golgi zone is just 
above the nucleus and the zymogen 
granules are at the apex of the cell. The 
path the secretory product takes is there
fore well defined in space. Part of it is 
thought to be delineated by microtu-

buIes: fibers that may guide or propel 
the secretory vesicles toward the cell 
membrane. Drugs that disassemble mi
crotubules (for example colchicine, an 
inhibitor of cell division) block secretion 
in many systems, pOSSibly by acting 
on the transport of secretory vesicles 
through the cytoplasm. 

As the product passes through the 
Golgi apparatus it is concentrated, con
densed and often enzymatically altered. 
In the electron microscope such pack
aged products may have a crystalline or 
dense amorphous appearance. A number 
of different products may be packaged 
together in the final secretory granule. 

Notwithstanding this rather detailed 
knowledge of the overall secretory 

pathway within the eukaryotic cell, the 
final steps in secretion, which are termed 
exocytosis (from the Greek for "out of 
the cell"), have remained enigmatic. One 
difficulty has been that electron micros
copy, which examines only one small 
part of a cell at a time, rarely catches a 
part where exocytosis is taking place, so 
that micrographs clearly showing the 
final release of the secretory product by 
the fusion of the granule membrane and 
the plasma membrane are relatively 
scarce. Some workers have gone so far as 
to say that the release occurs instantly 
through membrane gates that allow the 
product to leak out without an actual 
fusion of the inner and outer membranes. 
This view, however, is not likely to be 
generally correct, since morphological 
evidence that has been accumulated 
from many different secretory systems 
illustrates the continuity between vesicu
lar membranes and plasma membranes 
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while a product is being expelled. None
theless, the sequence of causative events 
responsible for the fusion of the two 
membranes during exocytosis has been 
far from clear. 

A second and more serious difficulty 
has been the question of how two mem
branes recognize each other as partners 
in the fusion process. Before the con
tents of a secretory vesicle are released 
the vesicle must somehow find its right 
location-the correct site on the partner 
membrane of the cell-or fusion and the 
release of a product will not take place. 
This necessity was recognized in 1957 
by Jose del Castillo and Katz, who hy
pothesized that in order to obtain the 
release of a neurotransmitter at a syn
apse it was necessary that there be con
tact between specific sites on the synap
tic vesicles and specific sites on the mem
brane of the axon. In our laboratory we 
have been working on certain new ap
proaches, which show that the major as
pects of the hypothesis put forward by 
del Castillo and Katz are correct and 
that at the least they play a major role 
in the final secretory processes of proto
zoans. Our laboratory and others are 
extending these findings to the secretory 
systems of vertebrates. 

These new studies were made possible 
by radical changes over the past few 
years in views of the molecular construc
tion of membranes. The basic fabric of 

layer of lipid molecules, with hydrophil
ic (water-soluble) heads and hydropho
bic (water-insoluble) tails; the heads face 
outward and the tails face inward end 
to end. Excluded from the region of the 
hydrophobic tails are water and elec
trically charged molecules [see "A Dy
namic Model of Cell Membranes," by 
Roderick A. Capaldi; SCIENTIFIC AMERI
CAN, March, 1974]. 

Certain proteins can penetrate this 
bilayer; other proteins interact with its 
two outer surfaces. (The penetrating 
proteins are called integral proteins and 
the interacting ones peripheral proteins.) 
What has recently been perceived is the 
dynamic nature of the membrane and 
the differences in its local composition. 
The proteins actually float through the 
lipid matrix, as has been elegantly shown 
by the work of David Frye and Michael 
Edidin at Johns Hopkins University. 
Moreover, certain proteins can be made 
to a ggre ga te a t specific places in the 
membrane. This new emphasis has been 
described by S. J. Singer of the Univer
sity of California at San Diego and Garth 
Nicolson of the Salk Institute for Bio
logical Studies as "the fluid-mosaic model 
of the cell membrane." 

The fluid-mosaic model has received 
confirmation through the develop

ment of a totally new way of examining 
the local internal structure of a mem-

most cellular membranes is a double brane. It is the freeze-fracture, freeze-
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• 
FATE OF MEMBRANE of a synaptic vesicle is traced. A vesicle, which originates in the 

cell's membrane pool, carries a quantity of material that transmits the impulse of a nerve 

cell to an adjacent nerve or muscle cell. Each vesicle fuses with the cell membrane at a 

specific site and discharges its contents. The vesicle membrane then becomes part of the cell 

membrane. Elsewhere, near the Schwann sheath, equal amounts of membrane are retrieved 

by coated vesicles tbat arise from the cell membrane and return to the membrane pool. 
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etch procedure, where a cellular mem
brane is rapidly frozen to the tempera
ture of liquid nitrogen. (Rapid freezing 
prevents the formation of crystalline ice, 
which can distort the true structure.) In 
this state the membrane, given a more 
or less gentle tap, falls apart along the 
plane of least resistance, which is the 
central plane of the lipid bilayer, as was 
first demonstrated by Daniel Branton, 
who was then at the University of Cali
fornia at Berkeley. In this way two half
membranes, each containing half of the 
lipid bilayer, can be exposed [see illus
tration on opposite page]. One side of 
each half-membrane is the true mem
brane surface; the other is the complete
ly new view of the interior of the mem
brane and is termed the fracture face. 
The half-membrane nearest the cyto
plasm of the cell is labeled the P (for pro
toplasmic) half and the other half-mem
brane is the E (for exterior) half. 

When the fracture encounters an in
tegral protein or a complex of lipid and 
protein, it does not go through it but 
passes around it on one side or the other. 
The background lipid is smooth, so that 
the protein regions stand out as particles 
and depressions. The half-membranes 
produced by fracturing fit together like 
pieces of a jigsaw puzzle: for each parti
cle on one half-membrane a correspond
ing depression is found on the other 
half-membrane. Since the actual fracture 
face is extremely delicate, the position 
of particles and depressions is usually as
certained by examining a platinum-and
carbon-shadowed replica of the fracture 
face rather than by direct observation of 
the tissue itself. 

The secretory product in Tetrahymena 
is apparently produced in the usual man
ner by vectorial synthesis into the cis
ternal space of the endoplasmic reticu
lum. Large vesicles containing the prod
uct move from the interior of the cell out 
toward the plasma membrane. There, at 
defined sites, the now mature, elongated, 
saclike vesicles come to rest. At this 
stage the content has become crystalline 
and the vesicle is known as a mature 
mucocyst. 

When we examined the cell mem
brane of Tetrahymena by means of the 
freeze-fracture technique, we found a 
remarkable array of particles just above 
the places where mucocysts were rest
ing. Each array consists of a ring of 
about nine small particles (15 nanome
ters in diameter) surrounding a central 
particle. We call this structure the fu
sion rosette. It corresponds quite clearly 
to the hypothetical site in the cell mem
brane postulated by del Castillo and 
Katz. 
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PROTOPLASM 

FREEZE,FRACTURE TECHNIQUE is depicted as it is employed 

to elucidate the structure of a membrane. The intact membrane 

appears at upper right. It consists of a double layer of lipid mole· 

cules, which have water· soluble heads and water·insoluble tails. 

The heads face outward and the tails inward, end to end. Certain 

proteins, shown here as large elliptical objects, can either pene· 

trate the membrane or interact with its two outer surfaces. Proteins 

and lipids facing the exterior surface are often combined with 

sugars, shown as straight and branched linked chains. When the 

membrane is frozen and fractured, it comes apart at the plane be· 

tween the lipid tails. The penetrating proteins are not cleaved and 

hence appear on a fracture face as protuberances and depressions. 

Similar sites have been found in Para
mecium in connection with the dis
charge of trichocysts. One advantage of 
the work with Paramecium is that sev
eral laboratories have found mutant ver
sions that either lack trichocysts or only 
discharge them when the organisms 
have been grown at certain tempera
tures. Janine Beisson, Marcelle Lefort
Tran and I, working at the Center of 
Molecular Genetics in France, exam
ined such mutants with the freeze-frac
ture technique. We found that in them 
the fusion-rosette particles were absent 
or much reduced. This is the first direct 
demonstration of a genetic basis for a 
functioning particle array in the secre
tory process. We concluded that the 
fusion rosette is an obligatory compo
nent of the fusion event. 

That conclusion is supported by re
cent work in our laboratory, where we 
have treated Tetrahymena with the lo
cal anesthetic dibucaine in a procedure 
first described by Guy A. Thompson, 
Jr., and his colleagues at the University 

of Texas at Austin. We found that di- . 
bucaine causes the discharg� of all ma
ture mucocysts and the simultaneous 
disappearance of all rosettes. Mature 
mucocysts reappear only after a recov
ery period of several hours. By then the 
fusion rosettes have also reappeared. 

Although fusion rosettes are found in 
many protozoans, the exact form of the 
array may change considerably in differ
ent secretory cells, partly because secre
tory granules come in many different 
sizes. In the cell membranes of verte
brate animals the corresponding array 
is often more difficult to find. A few ap
parently similar arrays have been found 
in membranes of vertebrates and in
vertebrates, but it is not clear whether 
they correspond to the fusion rosettes in 
function. 

The presence of fusion rosettes in the 
cell membrane of Tetrahymena led 

us to search for possible matching sites 
in the membrane of the mucocyst. 
Freeze-fracture images of mucocysts 10-

cated in their "resting" position close to 
the plasma membrane reveal the pres
ence of an annulus, or ring, at the an
terior end of the organelle. It consists of 
five or six rows of particles with a di
ameter of 10 nanometers. The extreme 
tip of the mucocyst is bare of particles 
over a circular area about 60 nanome
ters in diameter. This clear area approxi
mately circumscribes the fusion rosette. 
The annulus is absent in mucocysts that 
are not close to the plasma membrane. 
It follows that the formation of the an
nulus is one of the events taking place 
while the mucocyst matures. 

Matching arrays of particles on fusing 
membranes during exocytosis are remi
niscent of matching clusters of particles 
that are found in special locations when 
two cells are coupled electrically or met
abolically. These clusters form the gap 
junction, a region of close contact be
tween cells. The junction penetrates the 
hydrophobic interiors of the adjoining 
membranes, so that ions and small wa
ter-soluble molecules can pass readily 
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from one cell to the next. Permeability 
changes, which allow ions or small mole
cules to enter a cell at a particular site, 
are associated with exocytosis in many 
systems. 

In Tetrahymena one of the first indica
tions of fusion is a change in the con

tent of a mucocyst from a crystalline 
state to an amorphous one. This change 

is followed by an abrupt change in the 
appearance of the mucocyst from an 
elongated sac to a sphere, which has a 
diameter of 700 nanometers. Presum
ably changes in permeability, together 
with a solubilization of the mucocyst's 
content, lead to an inflow of water, so 
that the organelle swells and changes 
shape. Solubilization, continued expan
sion and the release of contents are ex-

pedited by the puncture of the mem
brane. What is seen in conventional mi
crographs is the end result, which is that 
the membrane of the secretory vesicle is 
joined to the membrane of the cell. The 
site looks something like an omega (U), 
which is upside down (u) if the micro
graph is oriented so that the point of 
junction is at the top. The usual electron
microscope procedures do not show 

SINGLE·CELL ORGANISM TETRAHYMENA appears in an elec· 
tron micrograph at an-enlargement of 24,000 diameters. When the 

organism is stimulated, it discharges to the exterior the secretory 
contents of the membrane·enclosed organelles called mucocysts. 

In this cross section of a cell the four circular structures in 

the clear space at the top are cilia. Inside the cell, directly 
below the second cilium from the right, is a discharging muco· 
cyst; it is spherical and light gray. To its right and slightly below 

it is a group of three dark circular structures; they are undis· 
charged mucocysts. The black circle at upper left is an artifact. 
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what rearrangements occur within the 
membranes. 

From freeze-fractUre images of the P 
and E faces of the plasma membrane of 
Tetrahymena one can reconstruct many 
of the key details of the membrane
fusion events that take place between 
the time when the secretory vesicle 
leaves the resting state and the time 
when the omega shape a.ppears. The 
reader will remember the geometrical 
setting: the elongated mature mucocyst, 
with its annulus of particles, underlies 
a fusion rosette of the plasma membrane. 
The first sign of fusion between the two 
partner membranes is the appearance of 
a depression, the fusion pocket, in the 
center of the rosette [see illustration on 
next page]. As fusion progresses, the 
bigger particles of the rosette separate 
at the edge of the fusion pocket, which 
in turn widens and deepens. 

At a certain stage the particles from 
the annulus of fracture face P of the 
mucocyst membrane become visible at 
the inner edge of the collar of the fu
sion pocket. This event shows that fu
sion between the two P halves of the 
partner membranes is completed, since 
they can now be seen in the same frac
ture plane. The result can also be ob
served in micrographs of fracture face 
E of the plasma membrane, although it 
is somewhat less spectacular, since here 
all that is involved is a hole to the ex
terior. 

When the partner membranes become 
continuous, the fracture runs from the 
plasma membrane to the mucocyst mem
brane, clearly outlining the now spheri
cal vesicle and identifying the transition 
zone at the annulus. Since the final di
ameter of the opened fusion pocket nev
er exceeds 250 nanometers, it is likely 
that the annulus of particles acts both as 
a reinforcing ring, hindering any tenden
cy of the membranes to rupture as the 
content of the mucocyst is explosively 
discharged, and as a stabilizing point 
around which the membrane of the mu
cocyst Hows in and becomes part of the 
plasma membrane. 

Since it is known in a general way 
what the images seen in freeze-fracture 
micrographs correspond to biochemical
ly, it is possible to construct molecular 
models of the fusion-release sequence 
[see illustration on page 37]. They pro
vide an indication of the enzymatic 
events that may be progressing during 
fusion and further reasons why particle 
arrays may be necessary. For example, 
the actual zone of fusion is limited ini
tially to the smooth 60-nanometer area 
of the fusion rosette on the one hand 
and the similarly smooth area within the 

MATURE MUCOCYST of Tetrahymena has become elongated and has taken up a position 
near the external membrane of the cell, which is the wavy line at top. The mucocyst is 
ready to discharge its crystalline secretory content by fusing with the cell membrane at a 
6pecific site. Enlargement of this electron micrograph is approximately 103,000 diameters. 

DISCHARGE OF MUCOCYST is evident in this electron micrograph, as is the fusion of 
the mucocyst membrane and the cell membrane. The content expands and empties to the 
outside of the cell. The mucocyst has become a sphere with a diameter of 700 nanometers. 
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EVENTS OF FUSION are seen in a series of electron micrographs of Tet;ahymena cell 

memhranes at successive stages in fusion. The enlargement is 114,000 diameters. The memo 

hranes were prepared by the freeze·fracture technique. Each micrograph shows the half of 

the membrane that faces the cytoplasm of the cell. At the outset fusion rosettes appear (I) 
directly above the places where mature mucocysts are resting. The first sign of fusion be· 

tween the mucocyst membrane and the cell membrane is the appearance of a pocket in the 

center of a rosette (2). As fusion progresses the bigger particles of the rosette separate at the 

edge of the fusion pocket (3), which grows wider and deeper (4-7). When particles from 

the annulus, or ring, of the mucocyst membrane appear, the membrane fusion is complete. 
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annulus of the mucocyst membrane on 
the other. Therefore mainly lipids are in
volved. Jack A. Lucy of the University 
of London suggests that fusion usually 
occurs in areas of perturbed lipid bilay
ers, where the Huidity of the lipids is in
creased. One means of increasing their 
HUidity is removal of the hydrophobic 
tails of the lipids by the enzyme phos
pholipase. In Tetrahymena the rings of 
particles may define the area of fusion 
by limiting the spread of the change in 
Huidity. 

Relatively little is understood about 
the trigger mechanism that induces the 
fusion of membranes and the release 
of a vesicle's content. (The mechanism 
has been termed the stimulus-secretion 
coupling.) The basic mechanism prob
ably involves a temporary increase in the 
number of calcium ions in the cytoplasm 
of the cell. When Ca + + is increased ex
perimentally in the mast cell· of the rat, 
the cell releases its secretory product, 
histamine. In Tetrahymena dibucaine 
might induce a mass discharge of mu
cocysts by a similar increase in the con
centration of calcium ions in the cyto
plasm. 

k unexpected dividend from our stud-
ies of exocytosis is a widening un

derstanding of what happens to the ve
sicular membrane after fusion. The evi
dence that we and many other workers 
have obtained suggests that after fusion 
the vesicular membrane Hows in�o the 
cell membrane. In Tetrahymena there is 
no sign that vesicles pinch off and move 
back into the cell after fusion; instead 
one finds at the sites of fusion the small, 
shallow profiles that would be expected 
if most of the mucocyst membrane had 
become incorporated into the cell mem
brane. John E. Heuser and Thomas S. 
Reese of the National Institutes of 
Health have found that depletion of the 
synaptic vesicles of a nerve terminal by 
prolonged stimulation leads to a signifi
cant expansion of the nerve-cell mem
brane, which would be expected after 
massive incorporation. 

What is the significance of this in
corporation? It doubtless varies accord
ing to the type of cell. In the synapse 
the membrane is usually retracted again 
but at a site different from the point of 
fusion, so that no net increase of the 
cell membrane is registered under nor
mal conditions. The membrane mole
cules taken up in retraction, however, 
are not necessarily the ones incorporated 
at fusion, so that fusion may be a mecha
nism for renewing the cell membrane. 
Whenever retraction does not keep pace 
with incorporation, membrane fusion 
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CYTOPLASM 

MOLECULAR MODEL of secretory event begins (I) with a rna· 
ture secretory vesicle situated below the membrane of the cell. At 
a precise site, which in freeze·fracture micrographs would show a 
fusion roselle on the cell membrane and a corresponding annulus 

on the vesicle membrane, the two membranes touch (2). Lipids in 
each membrane are moved aside, apparently because an enzyme 
has made them more fluid. Secretory vesicle discharges its contents 
(3). Remaining vesicle membrane fuses with cell membrane (4). 

can serve as a mechanism promoting 
the growth or differentiation of the cell 
membrane. 

If salt is added to the drinking water 
of a duckling, certain of the bird's secre
tory cells show a hundredfold increase 
in the volume of their cell membranes 
within a short time. Russell J. Barrnett 
and his co-workers at Yale University 
School of Medicine have ascertained 
that a cell-membrane enzyme (Na + -K+ 
ATPase) made during this process is 
detectable first on the Golgi apparatus, 
then in small vesicles and then as part 
of the newly expanding cell membrane. 
They conclude that the enzyme-bearing 
vesicles pinch off from the Golgi appa
ratus and deliver their membrane mate
rial to the cell membrane as it grows. 

The acrosomal discharge of a sperm 
cell is another instance where membrane 
fusion is followed by rapid membrane 
expansion. No one yet knows how much 
of the membrane surrounding the newly 
extending acrosome actually derives 
from the membrane of the acrosomal 
vesicle and how much must be assem
bled anew from molecular pools. In 
many other cases where cell projections 
with special properties grow (an exam
ple being the formation of a pollen tube 
in a plant) vesicular fusion may be an 
important contributor to the expansion 
of the cell membrane or to the composi
tion of enzymes. 

Tetrahymena is a single-cell organism 
that divides by binary fission. In every 
cell cycle (occupying about four hours) 

it has to generate enough new cell mem
brane for a daughter cell. Moreover, the 
new membrane must come to possess a 
duplicate of the original membrane's 
pattern, with all arrays such as fusion 
rosettes re-formed in their exact merid
ional positions. Our present working hy
pothesis is that much of the new mem
brane could be contributed by fusing 
mucocyst membranes, provided that 
each rosette found after a cell has divid
ed represents one fusion event during 
one cell cycle. A distinct advantage of 
this hypothesis that new membrane is 
added by vesicular fusion is the localized 
growth it entails, since localized growth 
could be the means by which the merid
ional template is normally maintained as 
a new cell is formed. 
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QUARKS WITH COLOR AND FLAVOR 

The particles called quarks may be truly elementary. Their "colors" 

explain why they cannot be isolated; their "flavors" distinguish 

four basic kinds, including one that has the property called charm 

Komos, the Greek root of "atom," 
means indivisible, and it was once 
thought that atoms were the ulti

mate, indivisible constituents of matter, 
that is, they were regarded as elementary 
particles. One of the principal achieve
ments of physics in the 20th century has 
been the revelation that the atom is not 
indivisible or elementary at all but has a 
complex structure. In 1911 Ernest Ruth
erford showed that the atom consists of 
a small, dense nucleus surrounded by a 
cloud of electrons. It was subsequently 
revealed that the nucleus itself can be 
broken down into discrete particles, the 
protons and neutrons, and since then a 
great many related particles have been 
identified. During the past decade it has 
become apparent that those particles too 
are complex rather than elementary. 
They are now thought to be made up of 
the simpler things called quarks. A soli
tary quark has never been observed, in 
spite of many atteinpts to isolate one. 
Nonetheless, there are excellent grounds 
for believing they do exist. More impor
tant, quarks may be the last in the long 
series of progressively finer structures. 
They seem to be truly elementary. 

When the quark hypothesis was first 
proposed more than 10 years ago, there 
were supposed to be three kinds of 
quark. The revised version of the theory 
I shall describe here requires 12 kinds. 
In the whimsical terminology that has 
evolved for the discussion of quarks 
they are said to come in four flavors, and 
each flavor is said to come in three colors. 
("Flavor" and "color" are, of course, ar
bitrary labels; they have no relation to 
the usual meanings of those words.) One 
of the quark flavors is distinguished by 
the property called charm (another ar
bitrary term). The concept of charm was 
suggested in 1964, but until last year it 
had remained an untested conjecture. 
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Several recent experimental findings, in
cluding the discovery last fall of the par
ticles called J or psi, can be interpreted 
as supporting the charm hypothesis. 

The basic notion that some subatomic 
particles are made of quarks has gained 
Widespread acceptance, even in the ab
sence of direct observational evidence. 
The more elaborate theory incorporating 
color and charm remains much more 
speculative. The views presented here 
are my own, and they are far from being 
accepted dogma. On the other hand, a 
growing body of evidence argues that 
these novel concepts must play some 
part in the description of nature. They 
help to bring together many seemingly 
unrelated theoretical developments of 
the past 15 years to form an elegant pic
ture of the structure of matter. Indeed, 
quarks are at once the most rewarding 
and the most mystifying creation of 
modern particle physics. They are re
markably successful in explaining the 
structure of subatomic particles, but we 
cannot yet understand why they should 
be so successful. 

The particles thought to be made up 
of quarks form the class called the 

hadrons. They are the only particles that 
interact through the "strong" force. In
cluded are the protons and neutrons, and 
indeed it is the strong force that binds 
protons and neutrons together to form 
atomic nuclei. The strong force is also 
responsible for the rapid decay of many 
hadrons. 

Another class of particles, defined in 
distinction to the hadrons, are the lep
tons. There are just four of them: the 
electron and the electron neutrino and 
the muon and the muon neutrino (and 
their four antiparticles). The leptons are 
not subject to the strong force. Because 
the electron aI1d the muon bear an elec-

tric charge, they "feel" the electromag
netic force, which is roughly 100 times 
weaker than the strong force. The two 
kinds of neutrino, which have no electric 
charge, feel neither the strong force nor 
the electromagnetic force, but interact 
solely through a third kind of force, 
weaker by several orders of magnitude 
and called the weak force. The strong 
force, the electromagnetic force and the 
weak force, together with gravitation, 
are believed to account for all interac
tions of matter. 

The leptons give every indication of 
being elementary particles. The electron, 
for example, behaves as a point charge, 
and even when it is probed at the ener
gies of the largest particle accelerators, 
no internal structure can be detected. 
The hadrons, on the other hand, seem 
complex. They have a measurable size: 
about 10-13 centimeter. Moreover, there 
are hundreds of them, all but a handful 
discovered in the past 25 years. Finally, 
all the hadrons, with the significant ex
ception of the proton and the antiproton, 
are unstable in isolation. They decay 
into stable particles such as protons, elec
trons, neutrinos or photons. (The photon, 
which is the carrier of the electromag
netic force, is in a category apart; it is 
neither a lepton nor a hadron.) 

The hadrons are subdivided into three 
families: baryons, antibaryons and me
sons. The baryons include the proton 
and the neutron; the mesons include 
such particles as the pion. Baryons can 
be neither created nor destroyed except 
as pairs of baryons and antibaryons. 
This principle defines a conservation 
law, and it can be treated most con
veniently in the system of bookkeeping 
that assigns simple numerical values, 
called quantum numbers, to conserved 
properties. In this case the quantum 
number is called baryon number. For 
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baryons it is + 1, for antibaryons -1 and 
for mesons O. The conservation of bary
on number then reduces to the rule that 
in any interaction the sum of the baryon 
numbers cannot change. 

Baryon number provides a means of 
distinguishing baryons from mesons, but 
it is an artificial means, and it tells us 
nothing about the properties of the two 
kinds of particle. A more meaningful 
distinction can be established by exam
ining another quantum number, spin 
angular momentum. 

Under the rules of quantum mechan
ics a particle or a system of particles can 
assume only certain specified states of 
rotation, and hence can have only dis-

3 

• 

crete values of angular momentum. The 
angular momentum is measured in units 
of h/2."., where h is Planck's constant, 
equal to about 6.6 X 10-27 erg-second. 
Baryons are particles with a spin angu
lar momentum measured in half-integral 
units, that is, with values of half an odd 
integer, such as 1/2 or 3/2. Mesons have 
integral values of spin angular momen
tum, such as 0 or l. 

The difference in spin angular mo
mentum has important consequences for 
the behavior of the two kinds of hadron. 
Particles with integral spin are said to 
obey Bose-Einstein statistics (and are 
therefore called bosons). Those with 
half-integral spin obey Fermi-Dirac sta-

2 

4 

tistics (and are called fermions). In this 
context "statistics" refers to the behavior 
of a population of identical particles. 
Those that obey Bose-Einstein statistics 
can be brought together without restric
tion; an unlimited number of pions, for 
example, can occupy the same state. The 
Fermi-Dirac statistics, on the other hand, 
require that no two particles within a 
given system have the same energy and 
be identical in all their quantum num
bers. This statement is equivalent to the 
exclusion principle formulated in 1925 
by Wolfgang Pauli. He applied it in 
particular to electrons, which have a 
spin of 1/2 and are therefore fermions. 
It requires that each energy level in an 

• 
d 

CONFINEMENT OF QUARKS in known subnuclear particles can 

be explained if the quarks are assumed to come in three varieties, 

arbitrarily designated by colors. A baryon (such as a proton or a 

neutron) is a bound system of three quarks, including one of each 

of the three colors (1), so that the baryon as a whole is colorless. 

The quarks are bound together by the strong force, w/lich also 

holds together atomic nuclei. The force between colored quarks, 

however, differs in character from that between colorless composite 

particles: it does not diminish with distance but remains constant. 

As a result, when a quark is separated from a baryon (2), the po-

tential energy of the system rapidly increases and would reach 

enormous values if another process did not intervene: from the 

potential energy a quark and an antiquark are created (3). The 

new quark restores the baryon to its original form, and the anti

quark (open circle) adheres to the dislodged quark, forming an· 

other kind of particle, a meson (4). At any one moment the quark 

and the antiquark in a meson are the same color, but the three 

colors are equally represented. Because of the nature of the strong 

force, solitary quarks cannot be observed; any attempt to isolate 

a quark merely results in the creation of a new hadron or hadrons. 
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atom contain only two electrons, with 
their spins aligned in opposite directions. 

One of the clues to the complex nature 
of the hadrons is that there are so many 
of them. Much of the endeavor to un
derstand them has consisted of a search 
for some ordering principle that would 
make sense of the multitude. 

The hadrons were first organized into 
small families of particles called 

charge multiplets or isotopic-spin mul
tiplets; each multiplet consists of parti
cles that have approximately the same 
mass and are identical in all their other 
properties except electric charge. The 
multiplets have one, two, three or four 
members. The proton and the neutron 
compose a multiplet of two (a doublet); 
both are considered to be manifestations 
of a single state of matter, the nucleon, 
with an average mass equivalent to an 
energy of .939 CeV (billion electron 
volts). The pion is a triplet with an aver
age mass of . 137 Ce V and three charge 

QUARKS 

states: + 1, 0 and -l. In the strong inter
actions the members of a multiplet are 
all equivalent, since electric charge plays 
no role in the strong interactions. 

In 1962 a grander order was revealed 
when the charge multiplets were orga
nized into "supermultiplets" that re
vealed relations between particles that 
differ in other properties in addition to 
charge. The creation of the supermulti
plets was proposed independently by 
Murray Cell-Mann of the California In
stitute of Technology and by Yuval 
Ne'eman of Tel-Aviv University [see 
"Strongly Interacting Particles," by 
Ceoffrey F. Chew, Murray Cell-Mann 
and Arthur H. Rosenfeld; SCIENTIFIC 
AMERICAN, February, 1964]. The intro
duction of the new system led directly 
to the quark hypothesis. 

The grouping of the hadrons into su
permultiplets involves eight quantum 
numbers and has been referred to as the 
"eightfold way." Its mathematical basis 
is a branch of group theory invented in 

LEPTONS 

SYMBOL MASS ELECTRIC STRANGE- CHARM NAM E SYMBOL MASS ELECTR IC 
(GeV) CHARGE N ESS (GeV) CHARG E 

d .338 - '13 0 0 ELECTRON e- .0005 -1 

u .336 + 213 0 0 ELECTRON v. 0 0 NEUTRINO 

5 .540 -'/3 -1 0 MUON vI'- 0 0 NEUTRINO 
c 1.5 + 213 0 + 1 MUON J.t- .105 -1 

QUARKS AND LEPTONS, the two kinds of particle that seem to be elementary, exhibit an 

apparent symmetry. The quarks are much more massive than the leptons, and they have 

fractional charges instead of integral ones, but both groups consist of two pairs of particles 

(indicated by colored rectangles ) . Either member of a pair i s  readily transformed into the 

other by the weak interaction. All ordinary matter can be constructed of just the d and u 
quarks and the electron and electron neutrino ; the muon, the muon neutrino and the c 
and s quarks, which display the properties of strangeness and charm respectively, are im

portant only in high.energy physics. Each kind, or flavor, of quark comes in three colors. 

NAME SYMBOL 
MASS CHARGE BARYON SPIN ISOTOPIC STRANG ENESS (GeV) STATES NUMBER SPIN 

C/) NUCLEON N .939 O. +1 +1 '/2 '/2 0 z 
a LAMBDA A 1.115 0 +1 '12 0 -1 >-a: « OMEGA !1 1.672 -1 +1 3/2 0 -2 (IJ 

PION 7r .139 -1.0, +1 0 0 1 0 
C/) z K K .496 0, +1 0 0 '12 +1 a C/) w PHI  1> 1.019 0 0 1 0 0 :::; 

J J 3.095 0 0 1 0 0 

HADRONS form the class of particles thought to be constructed of quarks. They are di· 

vided into baryons, made of three quarks, and mesons, made of a quark and an antiquark. 

(Antibaryons consist of three antiquarks.l The groups are distinguished by baryon num

her and by spin angular momentum, which has half.integral values for baryons and integral 

values for mesons. Each line in the table represents a multiplet of particles identical in all 

properties except electric charge, provided that small differences in mass are ignored. Iso· 
topic spin i s  a function of the number of particles in a multiplet, and strangeness measures 

distribution of electric charge among them. Only a few representative hadrons are shown. 
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the 19th century by the Norwegian 
mathematician Sophus Lie. The Lie 
group that generates the eightfold way 
is called SU(3), which stands for the spe
cial unitary group of matrices of size 
3 X 3. The theory requires that all had
rons belong to families corresponding 
to representations of the group SU(3). 
The families can have one, three, six, 
eight, 10 or more members. If the eight
fold way were an exact theory, all the 
members of a given family would have 
the same mass. The eightfold way is only 
an approximation, however, and within 
the families there are significant differ
ences in mass. 

The construction of the eightfold way 
begins with the classification of the had
rons into broad families sharing a com
mon value of spin angular momentum. 
Each family of particles with identical 
spin is then depicted by plotting the dis
tribution of two more quantum num
bers: isotopic spin and strangeness. 

Isotopic spin has nothing to do with 
the spin of a particle; it was given its 
name because it shares certain algebraic 
properties with the spin quantum num
ber. It is a measure of the num ber of par
ticles in a multiplet, and it is calculated 
according to the formula that the num
ber of particles in the multiplet is one 
more than twice the isotopic spin. Thus 
the nucleon (a doublet) has an isotopic 
spin of 1/2; for the pion triplet the iso
topic spin is 1. 

Strangeness is a quantum number in
troduced to describe certain hadrons first 
observed in the 1950's and called strange 
particles because of their anomalously 
long lifetimes. They generally decay in 
from 10-10 to 10-7 second. Although that 
is a brief interval by everyday standards, 
it is much longer than the lifetime of 
10-23 second characteristic of many other 
hadrons. 

Like isotopic spin, strangeness de
pends on the properties of the multiplet, 
but it measures the distribution of 
charge among the particles rather than 
their number. The strangeness quantum 
number is equal to twice the average 
charge (the sum of the charges divided 
by the number of particles in a multi
plet) minus the baryon number. By this 
contrivance it is made to vanish for all 
hadrons except the strange ones. The 
triplet of pions, for example, has an av
erage charge of 0 and a baryon number 
of 0; its strangeness is therefore also O. 
The nucleon doublet has an average 
charge of + 1/2 and a baryon number of 
+ 1, so that those particles too have a 
strangeness of O. On the other hand, the 
lambda particle is a neutral baryon that 
forms a family of one (a singlet). Its aver-
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STRANGE AND CHARMED PARTICLES should be created in 

interactions of ordinary matter. The interactions are displayed 

here as intersections of lines representing quarks and other pani. 

cles. Within a hadron the quarks continually exchange massless 

particles called gluons (wavy lines), the carriers of the strong force. 

By emitting a gluon a quark changes its color but not its flavor. 

Strange particles can be created (top) when a u quark in a proton 

and a u: anti quark in a pion annihilate each other and give rise to 

an s quark and an Ii anti quark. Products are a K meson and a lamb· 

da baryon. At higher energy the same annihilation could yield a c 
quark and a c antiquark (bottom). This process, which has not 

been observed, would yield a charmed meson and a charmed baryon. 

age charge of 0 and its baryon number of 
+ 1 give it a strangeness of -l. 

On a graph that plots electric charge 
against strangeness the hadrons form or
derly arrays. The mesons with a spin an
gular momentum of 0 compose an octet 
and a singlet; the octet is represented 
graphically as a hexagon with a particle 
at each vertex and two particles in the 
center, and the singlet is represented as 
a point at the origin. The mesons with a 
spin of 1 form an identical representa
tion, and so do the baryons with a spin 
of 1/2. Finally, the baryons with a spin 
of 3/2 form a decimet (a group of 10) 
that can be graphed as a large triangle 
made up of a singlet, a doublet, a triplet 
and a quartet. The eightfold way was 
initially greeted with some skepticism, 
but the discovery in 1964 of the nega
tively charged omega particle, the pre
dicted singlet in the baryon decimet, 
made converts of us all. 

The regularity and economy of the 
supermultiplets are aesthetically satisfy
ing, but they are also somewhat mysti
fying. The known hadrons do fit into 

such families, without exception. Me
sons come only in families of one and 
eight, and baryons come only in families 
of one, eight and 10. The singlet, octet 
and decimet, however, are only a few of 
many possible representations of SU(3) . 
Families of three particles or six particles 
are entirely plausible, but they are not 
observed. Indeed, the variety of possible 
families is in principle infinite. Why, 
then, do only three representations ap
pear in nature? It early became apparent 
that the eightfold way is in some ap
proximate sense true, but it was also 
plain from the start that there is more to 
the story. 

. 

In 1963 an explanation was proposed 
independently by Cell-Mann and by 

Ceorge Zweig, also of Cal Tech. They 
perceived that the unexpected regular
ities could be understood if all hadrons 
were constructed from more fundamen
tal constituents, which Cell-Mann 
named quarks. The quarks were to be
long to the Simplest nontrivial family of 
the eightfold way: a family of three. 

(There is also, of course, another family 
of three antiquarks. )  

The quarks are required to have rath
er peculiar properties. Principal among 
these is their electric charge. All ob
served particles, without exception, bear 
integer multiples of the electron's 
charge; quarks, however, must have 
charges that are fractions of the elec
tron's charge. Cell-Mann designated the 
three quarks u, d and s, for the arbitrary 
labels "up," "down" and "sideways." 

The mechanics of the original quark 
model are completely specified by three 
simple rules. Mesons are invariably 
made of one quark and one antiquark. 
Baryons are invariably made of three 
quarks and antibaryons of three anti
quarks. No other assemblage of quarks 
can exist as a hadron. The combinations 
of the three quarks under these rules are 
sufficient to account for all the hadrons 
that had been observed or predicted at 
the time. Furthermore, every allowed 
combination of quarks yields a known 
particle. 

Many of the necessary properties of 
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WEAK INTERACTIONS, mediated by the W particle (hatched 

lines), can change the flavor of a quark, but they have no effect on 

its color. Single charmed particles can therefore be created by the 

weak force, whereas they appear only as pairs in other interactions. 

A neutrino interacts with a proton (top), converting a d quark 

into a c quark while at the same time the neutrino is transformed 

into a muon. The immediate product is a charmed sigma baryon, 

but that quickly decays by the emission of a pion to a charmed 
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lambda baryon. The charmed lambda particle can itself decay by 

emitting a W particle, converting the c quark into an s quark and 

thereby forming a strange lambda baryon. The strange lambda 

baryon can be accompanied by three pions, produced by repeated 

quark.pair creation (middle), a process that may have been ob

served recently at Brookhaven National Laboratory, or by a muon 

and a neutrino (bottom), a decay mode that may explain sever

al events detected at the Fermi National Accelerator Laboratory. 
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the quarks can be deduced from these 
rules. It is mandatory, for example, that 
each of the quarks be assigned a baryon 
number of +1/3 and each of the anti
quarks a baryon number of -1/3. In 
that way any aggregate of three quarks 
has a total baryon number of + 1 and 
hence defines a baryon; three anti quarks 
yield a particle with a baryon number of 
-1, an antibaryon. For mesons the bary
on numbers of the quarks (+1/3 and 
-1/3) cancel, so that the meson, as re
quired, has a baryon number of O. 

In a similar way the angular momen
tum of the hadrons is described by giv
ing the quarks half-integral units of spin. 
A particle made of an odd number of 
quarks, such as a baryon, must therefore 
also have half-integral spin, conforming 
to the known characteristics of baryons. 
A particle made of an even number of 
quarks, such as a meson, must have inte
gral spin. 

The u quark and the s quark compose 
an isotopic-spin doublet: they have near
ly the same mass and they are identical 
in all other properties except electric 
charge. The u quark is assigned a charge 
of +2/3 and the d quark is assigned a 
charge of -1/3. The average charge of 
the doublet is therefore + 1/6 and twice 
the average charge is + 1/3; since the 
baryon number of all quarks is + 1/3, the 
definition of strangeness gives both the u 
and the d quarks a strangeness of O. The 
s quark has a larger mass than either the 
u or the d and makes up an isotopic-spin 
singlet. It is given an electric charge of 
-1/3 and consequently has a strange
ness of -1. The antiquarks, denoted by 
writing the quark symbol with a bar over 
it, have opposite properties. The ii has a 
charge of -2/3 and the d +1/3; both 
have zero strangeness. The s antiquark 
has a charge of + 1/3 and a strangeness 
of +1. 

Just two of the quarks, the u and the 
d, suffice to explain the structure of all 
the hadrons encountered in ordinary 
matter. The proton, for example, can be 
described by assembling two u quarks 
and a d quark; its composition is written 
uud. A quick accounting will show that 
all the properties of the proton deter
mined by its quark constitution are in 
accord with the measured values. Its 
charge is equal to 2/3 + 2/3 - 1/3, or 
+1. Similarly, its baryon number can be 
shown to be + 1 and its spin 1/2. A pos
itive pion is composed of a u quark and a 
d antiquark (written ud). Its charge is 
2/3 + 1/3, or + 1; its spin and baryon 
number are both O. 

The third quark, s, is needed only to 
construct strange particles, and indeed it 
provides an explicit definition of strange-

ness: A strange particle is one that con
tains at least one s quark or s antiquark. 
The lambda baryon, for example, can be 
shown from the charge distribution of its 
multiplet to have a strangeness of -1; 
that result is confirmed by its quark con
stitution of uds. Similarly, the neutral 
K meson, a strange particle, has a 
strangeness of + 1, as confirmed by its 
composition of ds. 

Until quite recently these three kinds 
of quark were sufficient to describe all 
the known hadrons. As we shall see, ex
periments conducted during the past 
year seem to have created hadrons 
whose properties cannot be explained in 
terms of the original three quarks. The 
experiments can be interpreted as im
plying the existence of a fourth kind of 
quark, called the charmed quark and 
designated c. 

The statement that the u, d and s 
quarks are sufficient to construct all 

the observed hadrons can be made more 
precisely in the mathematical formalism 
of the eightfold way. Since a meson is 
made up of one quark and one anti
quark, and since there are three kinds, or 
flavors, of quark, there are nine possible 
combinations of quarks and antiquarks 
that can form a meson. It can be shown 
that one of these combinations repre
sents a singlet and the remaining eight 
form an octet. Similarly, since a baryon 
is made up of three quarks, there are 27 
possible combinations of quarks that can 
make up a baryon. They can be broken 
up into a singlet, two octets and a deci
met. Those groupings correspond exact
ly to the observed families of hadrons. 
The quark theory thus explains why only 
a few of the possible representations of 
SU(3) are realized in nature as hadron 
supermultiplets. 

The quark rules provide a remarkably 
economical explanation for the forma
tion of the observed hadron families. 
What principles, however, can explain 
the quark rules, which seem quite ar
bitrary? Why is it possible to bind to
gether three quarks but not two or 
four? Why can we not create a single 
quark in isolation? A line of thought that 
leads to possible answers to these ques
tions appeared at first as a defect in the 
quark theory. 

As we have seen, it is necessary that 
the quarks have half-integral values of 
spin angular momentum; otherwise the 
known spins of the baryons and mesons 
would be predicted wrongly. Particles 
with half-integral spin are expected to 
obey Fermi-Dirac statistics and are 
therefore subject to the Pauli exclusion 
principle: No two particles within a par-

ticular system can have exactly the same 
quantum numbers. Quarks, however, 
seem to violate the principle. In making 
up a baryon it is often necessary that 
two identical quarks occupy the same 
state. The omega particle, for example, 
is made up of three s quarks, and all 
three must be in precisely the same state. 
That is possible only for particles that 
obey Bose-Einstein statistics. We are at 
an impasse: quarks must have half-inte
gral spin but they must satisfy the statis
tics appropriate to particles having in
tegral spin. 

The connection between spin and sta
tistics is an unshakable tenet of relativ
istic quantum mechanics. It can be de
duced directly from the theory, and a 
violation has never been discovered. 
Since it holds for all other known par
ticles, quarks could not reasonably be ex
cluded from its dominion. 

The concept that has proved essential 
to the solution of the quark statistics 
problem was proposed in 1964 by Oscar 
W. Greenberg of the University of Mary
land. He suggested that each flavor of 
quark comes in three varieties, identical 
in mass, spin, electric charge and all 
other measurable quantities but different 
in an additional property, which has 
come to be known as color. The exclu
sion principle could then be satisfied, 
and quarks could remain fermions, be
cause the quarks in a baryon would not 
all occupy the same state. The quarks 
could differ in color even if they were 
the same in all other respects. 

The color hypothesis requires two ad
ditional quark rules. The first simply re
states the condition that color was intro
duced to satisfy: Baryons must be made 
up of three quarks, all of which have dif
ferent colors. The second describes the 
application of color to mesons: Mesons 
are made of a quark and an antiquark of 
the same color, but with equal represen
tation of each of the three colors. The 
effect of these rules is that no hadron can 
exhibit net color. A baryon invariably 
contains quarks of each of the three col
ors, say red, yellow and blue. In the 
meson one can imagine the quark and 
antiquark as being a single color at any 
given moment, but continually and 
simultaneously changing color, so that 
over any measurable interval they will 
both spend equal amounts of time as red, 
blue and yellow quarks. 

The price of the color hypothesis is a 
tripling of the number of quarks; there 
must be nine instead of three (with 
charm yet to be considered). At first it 
may also appear that we have greatly 
increased the number of hadrons, but 
that is an illusion. With color there seem 
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to be nine times as many mesons and 
27 times as many baryons, but the rules 
for assembling hadrons from colored 
quarks ensure that none of the addition
al particles are observable. 

Although the quark rules imply that 
we will never see a colored particle, the 
color hypothesis is not merely a formal 
construct without predictive value. The 
increase it requires in the number of 
quarks can be detected in at least two 
ways. One is through the effect of color 
on the lifetime of the neutral pion, which 
almost always decays into two photons. 
Stephen L. Adler of the Institute for Ad
vanced Study has shown that its rate of 
decay depends on the square of the 
number of quark colors. Just the ob
served lifetime is obtained by assuming 
that there are three colors. 

Another effect of color can be de
tected in experiments in which electrons 

i 
, 

I 
I. 

and their antiparticles, the positrons, an
nihilate each other at high energy. The 
outcome of such an event is sometimes a 
group of hadrons and sometimes a muon 
and an antimuon. At sufficiently high 
energy the ratio of the number of had
rons to the number of muon-antimuon 
pairs is expected to approach a constant 
value, equal to the sum of the squares of 
the charges of the quarks. Tripling the 
number of quarks also triples the ex
pected value of the ratio. The experi
mental result at energies of from 2 CeV 
to 3 CeV is in reasonable agreement 
with the color hypothesis (which pre
dicts a value of 2) and is quite incom
patible with the original theory of 
quarks without color. 

The introduction of the color quantum 
number solves the problem of quark sta
tistics, but it once again requires a set 
of rules that seem arbitrary. The rules 

1T 

I I I 
Iv 

can be accounted for, however, by estab
lishing another hypothetical symmetry 
group analogous to the SU(3) sym
metry proposed by Cell-Mann and by 
Ne'eman. The earlier SU(3) is concerned 
entirely with combinations of the three 
quark flavors; the new one deals exclu
sively with the three quark colors. More
over, unlike the earlier theory, which is 
only approximate, color SU(3) is sup
posed to be an exact symmetry, so that 
quarks of the same flavor but different 
color will have identical masses. 

In the color SU(3) theory all the quark 
rules can be explained if we accept one 
postulate: All hadrons must be repre
sented by color singlets; no larger multi
plets can be allowed. A color singlet can 
be constructed in two ways: by combin
ing an identically colored quark and 
antiquark with all three colors equally 
represented, or by combining three 

CHARMED BARYON? 

p 

CHARMED BARYON may have been detected by Nicholas P. 

Samios and his collea gues at Brookhaven in the aftermath of a 

collision between a neutrino and a proton. The photo graph at left 

was made in a bubble chamber filled with liquid hydro gen; the 

particle tracks in the photograph are identified in the diagram at 

right. The neutrino enters from the bottom left; its track is not 

visible because only particles with an electric charge ionize hy. 

dro gen molecules and leave a trail of bubbles in the chamber. 

Tbe possible charmed baryon does have an electric charge, but 

its track cannot be seen either because it is too short; the particle 

must decay in about 10.13 second, so that even at very high speed 

it does not move far enough to ionize more than a few molecules 

of hydrogen. The charmed particle decays into a neutral lambda 

particle, a strange baryon. The lambda particle leaves no track, 

but its decay products form a vertex that points toward the initial 

interaction. Four pions and a muon are also created, and two elec· 

trons struck by fast·moving particles spiral to the left in the bubble 

chamber's magnetic field. The presence of the charmed particle 

is not certain; several other interpretations of the event are pos· 
sible, and although they are all unlikely, they cannot be excluded. 
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quarks or three antiquarks in such a way 
that the three colors are all included. 
These conditions, of course, are equiva
lent to the rules for building mesons, 
baryons and antibaryons, and they en
sure that all hadrons will be colorless. 
There are no other ways to make a 
singlet in color SU(3); a particle made 
any other way would be a member of a 
larger multiplet, and it would display a 
particular color. 

�though the color SU(3) theory of the 
hadrons can explain the quark rules, 

it cannot entirely eliminate the arbitrary 
element in their nature. We can ask a 
still more fundamental qnestion: What 
explains the postulate that all hadrons 
must be color singlets? One approach to 
an answer, admittedly a speculative one, 
has been suggested recently by many in
vestigators; it incorporates the color 
SU(3) model of the hadrons into one of 
the class of theories called gauge 
theories. 

The color gauge theory postulates the 
existence of eight massless particles, 
sometimes called gluons, that are the 
carriers of the strong force, just as the 
photon is the carrier of the electromag
netic force. Like the photon, they are 
electrically neutral, and they have a spin 
of 1; they are therefore called vector 
bosons (bosons because they have in
teger spin and obey Bose-Einstein statis
tics, vector because a particle with a spin 
of 1 is described by a wave function that 
takes the form of a four-dimensional vec
tor). Gluons, like quarks, have not been 
detected. 

When a quark emits or absorbs a 
gluon, the quark changes its color but 
not its flavor. For example, the emission 
of a gluon might transform a red u quark 
into a blue or a yellow u quark, but it 
could not change it into a d or an s quark 
of any color. Since the color gluons are 
the quanta of the strong force, it follows 
tha t color is the aspect of quarks that is 
most important in the sh'ong interac
tions. In fact, when describing interac
tions that involve only the sh'ong force, 
one can virtually ignore the flavors of 
quarks. 

The color gauge theory proposes that 
the force that binds together colored 
quarks represents the true character of 
the strong interaction. The more familiar 
strong interactions of hadrons (such as 
the binding of protons and neutrons in a 
nucleus) are manifestations of the same 
fundamental force, but the interactions 
of colorless hadrons are no more than a 
pale remnant of the underlying interac
tion between colored quarks. Just as the 
I'an der Waals force between molecules 

is only a feeble vestige of the electro
magnetic force that binds electrons to 
nuclei, the strong force observed be
tween hadrons is only a vestige of that 
operating within the individual hadron. 

From these theoretical arguments one 
can derive an intriguing, if speculative, 
explanation of the confinement of 
quarks. It has been formulated by John 
Kogut and Kenneth Wilson of Cornell 
University and by Leonard Susskind of 
Yeshiva University. If it should be 
proved correct, it would show that the 
failure to observe colored particles (such 
as isolated quarks and gluons) is not the 
result of any experimental deficiency but 
is a direct consequence of the nature of 
the strong force. 

The electromagnetic force between 
two charged particles is described by 
Coulomb's law: The force decreases as 
the square of the distance between the 
charges. Gravitation obeys a fundamen
tally similar law. At large distances both 
forces dwindle to insignificance. Kogut, 
Wilson and Susskind argue that the 
strong force between two colored quarks 
behaves quite differently: it does not 
diminish with distance but remains con
stant, independent of the separation of 
the quarks. If their argument is sound, 
an enormous amount of energy would be 
required to isolate a quark. 

Separating an electron from the va
lence shell of an atom requires a few 
electron volts. Splitting an atomic nu
cleus requires a few million electron 
volts. In contrast to these values, the 
separation of a single quark by just an 
inch from the proton of which it is a con
stituent would require the investment of 
1013 GeV, enough energy to separate the 
author from the earth by some 30 feet. 
Long before such an energy level could 
be attained another process would in
tervene. From the energy supplied in the 
effort to extract a single quark, a new 
quark and antiquark would materialize. 
The new quark would replace the one 
removed from the proton, and would re
constitute that particle. The new anti
quark would adhere to the dislodged 
quark, making a meson. Instead of isolat
ing a colored quark, all that is accom
plished is the creation of a colorless 
meson [see illustration on page 39]. By 
this mechanism we are prohibited from 
ever seeing a solitary quark or a gluon 
or any combination of quarks or gluons 
that exhibits color. 

If this interpretation of quark con
finement is correct, it suggests an inge
nious way to terminate the apparently 
infinite regression of finer structures in 
matter. Atoms can be analyzed into elec
trons and nuclei, nuclei into protons and 

neutrons, and protons and neutrons into 
quarks, but the theory of quark confine
ment suggests that the series stops there. 
It is difficult to imagine how a particle 
could have an internal structure if the 
particle cannot even be created. 

Quarks of the same flavor but different 
color are expected to be identical in 

all properties except color; indeed, that 
is why the concept of color was intro
duced. Quarks that differ in flavor, how
ever, have quite different properties. It 
is because the u quark and the d quark 
differ in electric charge that the proton is 
charged and the neutron is not. Similar
ly, it is because the s quark is consider
ably more massive than either the u or 
the d quark that strange particles are 
generally the heaviest members of their 
families. The charmed quark, c, must be 
heavier still, and charmed particles as a 
rule should therefore be heavier than all 
others. It is the flavor of quarks that 
brings variety to the world of hadrons, 
not their color. 

As we have seen, the flavors of quarks 
are unaffected by the strong interac
tions. In a weak interaction, on the oth
er hand, a quark can change its flavor 
(but not its color). The weak interactions 
also couple quarks to the leptons. The 
classical example of this coupling is nu
clear beta decay, in which a neutron is 
converted into a proton with the emis
sion of an electron and an antineutrino. 
In terms of quarks the reaction repre
sents the conversion of a d quark to a u 
quark, accompanied by the emission of 
the two leptons. 

The weak interactions are thought to 
be mediated by vector bosons, just as the 
strong and the electromagnetic interac
tions are. The principal one, labeled W 
and long called the intermediate vector 
boson, was predicted in 1938 by Hideki 
Yukawa. It has an electric charge of -1, 
and it differs from the photon and the 
color gluons in that it has mass, indeed a 
quite large mass. Quarks can change 
their flavor by emitting or absorbing a W 
particle. Beta decay, for example, is in
terpreted as the emission of a W by a d 
quark, which converts the quark into a 
u; the W then decays to yield the elec
tron and antineutrino. From this process 
it follows that the W can also interact 
with leptons, and it thus provides a link 
between the two groups of apparently 
elementary particles. 

The realization that the sh'ong, weak 
and electromagnetic forces are all car
ried by the same kind of particle-bosons 
with a spin of I-invites speculation that 
all three might have a common basis 
in some simple unified theory. A step 
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SUPERMULTIPLETS OF HADRONS that include the predicted 

charmed particles can he arranged as polyhedrons. Each super· 

multiplet consists of particles with the same value of spin angular 

momentum. Within each supermultiplet the particles are assigned 

positions according to three quantum numbers: positions on the 

shaded planes are determined by isotopic spin and strangeness; 

the planes themselves indicate values of charm. The mesons are 

represented by a point (a) and by an Archimedean solid called a 

cuboctahedron (b), which comprises 15 particles, including six 
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charmed ones. The mesons shown are those with a spin of 1, but 

all mesons fit the same point and cuboctahedron representations. 

The baryons form a small regular tetrahedron (c) of four particles, 

a truncated tetrahedron (d) of 20 particles and a larger regular 

tetrahedron (e), also made up of 20 particles. Both mesons and 

baryons are identified by their quark constitution, and for those 

particles that have been observed the established symbol is also giv

en. Each figure contains one plane (color) of uncharmed particles 

that are identical with earlier representations of the "eightfold way." 
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toward such a unification would be the 
reconciliation of the weak interactions 
and electromagnetism. Julian Schwinger 
of Harvard University attempted such a 
unification in the mid-1950's (when I 
was one of his doctoral students, work
ing on these very questions) .  His theory 
had serious flaws. One was eliminated in 
· 1961, when I introduced a second, neu
tral vector boson, now called Z, to com
plement the electrically charged W. 
Other difficulties persisted for 10 years, 
until in 1967 Steven Weinberg of Har
vard and Abdus Salam of the Interna
tional Center for Theoretical Physics in 
Trieste independently suggested a reso
lution. By 1971 it was generally agreed, 
largely because of the work of Gerhard 
't Hooft of the University of Utrecht, 
that the Weinberg-Salam conjecture 
is successful [ see "Unified Theories of 
Elementary-Particle Interaction," by 
Steven Weinberg; SCIENTIFIC AMERI
CAN, July, 1974] . 

Through the unified weak and electro-
magnetic interactions, quarks and 

leptons are intimately related. These in
teractions "see" the four leptons and dis
tinguish between the three quark flavors. 
The W particle can induce one kind of 
neutrino to become an electron and the 
other kind of neutrino to become a 
muon. Similarly, the W can convert a u 
quark into a d quark; it can also influ
ence the u quark to become an s quark, 
although much less readily. 

There is an obvious lack of symmetry 
in these relations. The leptons consist 
of two couples, married to each other 
by the weak interaction: the electron 
with the electron neutrino and the muon 
with the muon neutrino. The quarks, on 
the other hand, come in only three fla
vors, and so one must remain unwed. 
The scheme could be made much tidier 
if there were a fourth quark flavor, in 
order to provide a partner for the unwed 
quark. Both the quarks and the leptons 
would then consist of two pairs of par
ticles, and each member of a pair could 
change into the other member of the 
same pair simply by emitting a W. The 
desirability of such lepton-quark sym
metry led James Bjorken and me, among 
others, to postulate the existence of a 
fourth quark in 1964. BJorken and I 
called it the charmed quark. When pro
visions are made for quark colors, charm 
becomes a fourth quark flavor, and a 
new triplet of colored quarks is required. 
There are thus a total of 12 quarks. 

Since 1964 several additional argu
ments for charm have developed. To me 
the most compelling of them is the need 
to explain the suppression of certain in-

teractions called strangeness-changing 
neutral currents. An explanation that re
lies on the properties of the charmed 
quark was presented in 1967 by John 
Iliopoulos, Luciano Maiani and me. 

Strangeness-changing neutral cur
rents are weak interactions in which the 
net electric charge of the hadrons does 
not change but the strangeness does; 
typically an s quark is transformed into 
a d quark, and two leptons are emitted. 
An example is the decay of the neutral K 
meson (a strange particle) into two op
positely charged muons. Such processes 
are found by experiment to be extreme
ly rare. The three-quark theory cannot 
account for their suppression, and in fact 
the unified theory of weak and electro
magnetic interactions predicts rates 
more than a million times greater than 
those observed. 

The addition of a fourth quark flavor 
with the same electric charge as the u 
quark neatly accounts for the suppres
sion, although the mechanism by which 
it does so may seem bizarre. With two 
pairs of quarks there are two possible 
paths for the strangeness-changing in
teractions, instead of just one when there 
are only three quarks. In the macro
scopic world the addition of a second 
path, or channel, would be expected al
ways to bring an increase in the reac
tion rate. In a world governed by quan
tum mechanics, however, it is possible to 
subtract as well as to add. As it happens, 
a sign in the equation that defines one of 
the reactions is negative, and the two 
interactions cancel each other. 

The addition of a fourth quark flavor 
must obviously increase the number of 
hadrons. In order to accommodate the 
newly predicted particles in supermulti
plets the eightfold way must be ex
panded. In particular another dimension 
must be added to the graphs employed 
to represent the families, so that the 
plane figures of the earlier symmetry be
come Platonic and Archimedean solids . 

To the meson octet are added six 
charmed particles and one uncharmed 
particle to make up a new family of 15. 
It is represented as a cuboctahedron, in 
which one plane contains the hexagon of 
the original uncharmed meson octet. 
The baryon octets and decimet are ex
pected to form two families having 20 
members each. They are represented as 
a tetrahedron truncated at each vertex 
and as a regular tetrahedron. In addition 
there is a smaller regular tetrahedron 
consisting of just four baryons. Again, 
each figure contains one plane of un
charmed particles [see illustration on op
posite page] .  

I t  now appears that the first of the 

new particles to be discovered is a meson 
that is not itself charmed. That conclu
sion is based on the assumption that the 
predicted meson is the same particle as 
the I or psi particle discovered last No
vember. The announcement of the dis
covery was made Simultaneously by 
Samuel C. C. Ting and his colleagues at 
the Brookhaven National Laboratory 
and by Burton Richter, Jr., and a group 
of other physicists at the Stanford Linear 
Accelerator Center (SLAC) .  At Brook
haven it was named I, at Stanford psi. 
Here I shall adopt the name I. For two 
excited states of the same particle, how
ever, the names psi' and psi" will be em
ployed, since they were seen only in the 
SLAC experiments. 

The I particle was found as a reso
nance, an enhancement at a particular 
energy in the probability of an interac
tion between other particles. At Brook
haven the resonance was detected in the 
number of electron-positron pairs pro
duced in collisions between protons and 
atomic nuclei. At SLAC it was observed 
in the products of annihilations of elec
trons and positrons. The energy at which 
the resonances were observed-and thus 
the energy or mass of the I particle-is 
about 3. 1 GeV [see "Electron-Positron 
Annihilation and the New Particles," by 
Sidney D. Drell; SCIENTIFIC AMERICAN, 
June ] .  

The I particle decays in  about 10.20 
second, certainly a brief interval, but 
nevertheless 1,000 times longer than the 
expected lifetime of a particle having the 
J's mass. The considerable excitement 
generated by the discovery of the I was 
largely a result of its long lifetime. 

A great many explanations of the par-
ticle were proposed; for example, it 

was suggested that it might be the Z. I 
believe there is good reason to interpret 
the I as being a meson made up of a 
charmed quark and a charmed anti
quark, that is, a meson with the quark 
constitution ce. Thomas Appelquist and 
H. David Politzer of Harvard have 
named such a meson "charmonium," by 
analogy to positronium, a bound state of 
an electron and a positron. Charmonium 
is without charm because the charm 
quantum numbers of its quarks (+1  and 
- 1) add up to zero. 

The charmonium hypothesis can ac
count for the anomalous lifetime of the 
I if one considers the ultimate fate of the 
decaying particle's quarks. There are 
three possibilities : they can be split up 
to become constituents of two daughter 
hadrons, they can both become part of a 
single daughter particle or they can be 
annihilated. An empirical rule, first 
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J PARTICLE is interpreted as a bound state of a c quark and a c 
anti quark, called charmonium. It was discovered last November 
by physicists at Brookhaven and at the Stanford Linear Accelerator 
Center (SLAC). At SLAC it was made (top) when electrons and 
positrons annihilated each other to create a virtual photon (broken 
line), which then materialized to yield the new meson. The] parti· 
cle has a mass of 3.1 Ge V (billion electron volts). It does not ex. 
hibit charm because the charm quantum numbers of its quarks 
(+1 and -1) add to zero; in the same way a more familiar parti. 

cle, the phi meson, has zero strangeness because it is made up of 
a strange quark and a strange anti quark. In spite of this analogy 

the two particles decay by different modes. For both the preferred 
mode consists in contributing the quark and the anti quark to two 
different daughter mesons. For the phi meson that is just possible 
(middle lelt) because the mass of the phi (1.019 Ge V) is slightly 
greater than the combined mass of two strange K mesons. For the 

] it is not possible (middle right) because the lightest charmed 
particle is more than half as massive as the]. The] must therefore 
decay by the annihilation of its quarks (bottom right); the anni. 
hilation yields three gluons (wavy lines), which are transformed 
into three pions. This mode of decay is suppressed, and the equiv. 
alent process for the phi meson (boltom left) is rarely observed. 

noted by Zweig, states that decays of the 
first kind are allowed but the other two 
are suppressed. For the J particle to de
cay in the allowed manner it must create 
two charmed particles, that is, two had
rons, one containing a charmed quark 
and the other a charmed antiquark. That 
decay is possible only if the mass of the 
J is greater than the combined masses of 
the charmed daughter particles. There 
is reason to believe the lightest charmed 
particle has a mass greater than half of 
the mass of the J, and it therefore ap
pears that the J cannot decay in the al
lowed mode. The J cannot decay in the 
second way, either, keeping both its 
quarks in a single particle, because the 
J is the least massive state containing a 
charmed quark and a charmed anti
quark. It must therefore decay by the 
annihilation of its quarks, a decay sup
pressed by Zweig's rule. The suppression 
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offers a partial explanation for the par
ticle's extended lifetime. 

Zweig's rule was formulated to ex
plain the decay of the phi meson, which 
is made up of a strange quark and a 
strange antiquark and has a mass of 
about 1 GeV. The two particles are 
closely analogous, but the decay of the 
J is appreciably slower than that of the 
phi. Why should Zweig's rule be more 
effective for J than it is for phi? Further
more, what explains Zweig's arbitrary 
rule? 

A possible answer is provided by the 
theoretical concept called asymptotic 
freedom, which holds that the strong 
interactions become less strong at high 
energy. At sufficiently high energy the 
proton behaves as if it were made up of 
three freely moving quarks instead of 
three tightly bound ones. The concept 
takes its name from the fact that the 

quarks approach the state of free mo
tion asymptotically as the energy is in
creased. Asymptotic freedom offers an 
explanation for the discrepancy between 
the phi and the J particles in the appli
cation of Zweig's rule. Because the J is 
so massive, or alternatively so energetic, 
the strong interaction is of diminished 
strength, and it is particularly difficult 
for the quark and the anti quark to an
nihilate each other. 

Like positronium, charmonium should 
appear in many energy states. Two were 
discovered at SLAC soon after the first 
state was found; they are psi', with a 
mass of about 3.7 GeV, and psi", with 
a mass of about 4.1 GeV. They appear to 
be simple excited states of the lowest
lying state of charmonium, the J particle. 
Psi' decays only a little more quickly 
than J, and half the time its decay prod
ucts are the J particle itself and two pi-
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ons. Thus it sometimes decays by the 
second suppressed process described by 
Zweig's rule, that is, by contributing 
both of its quarks to a single daughter 
particle. The extended lifetime implies 
that psi' also lies below the energy 
threshold for the creation of a pair of 
charmed particles. 

Psi" decays much more quickly and 
therefore must be decaying in some 
mode permitted by Zweig's rule. Its de
cay products have not yet been deter
mined, but it is possible they include 
charmed hadrons. 

Numerous other excited states of 
charmonium follow inevitably from the 
theory of quark interactions [see illustra
tion at right] . One, called p-wave charm
onium, is formed when the particle takes 
on an additional unit of angular momen
tum. Some fraction of the time psi' 
should decay into p-wave charmonium, 
which should subsequently decay pre
dominantly to the ground state, J. At 
each transition a photon of characteristic 
energy must be emitted. Recent experi
ments at the DORIS particle-storage 
rings of the German Electron Synchro
tron in Hamburg have apparently de
tected the decays associated with the 
p-wave particle. In a few percent of its 
decays psi' yields the J particle and two 
photons, with energies of .2 GeV and .4 
GeV. At SLAC psi' has been found to 
decay into an intermediate state and a 
single photon with an energy of .2 GeV. 
The intermediate state, which is pre
sumably the same particle as the one ob
served at DORIS, then decays directly 
into hadrons. 

The correspondence of theory and ex
periment revealed by the discovery of 
the p-wave transitions inspires consider
able confidence that the charmonium 
interpretation of the J particle is correct. 
There is at least one more predicted 
state, called paracharmonium, that must 
be found if this explanation of the par
ticle is to be confirmed. It differs from 
the observed states in the orientation of 
the quark spins: in J, psi' and psi" (col
lectively called orthocharmonium) they 
are parallel; in paracharmonium they are 
antiparallel. Paracharmonium has so far 
evaded detection, but if the theoretical 
description is to make sense, para charm
onium must exist. 

In addition to the various states of (un-
charmed) charmonium, all the pre

dicted charmed particles must also exist. 
If the J is in fact a state of charmonium, 
we can deduce from its mass the masses 
of all the hadrons containing charmed 
quarks. 

An important initial constraint on the 

range of possible masses was provided 
by the interpretation of the suppression 
of strangeness-changing neutral cur
rents. If the suppression mechanism is to 
work, the charmed quark cannot be too 
much heavier than its siblings. On the 
other hand, it cannot be very light or 
charmed hadrons would already have 
been observed. An estimate from these 
conditions suggested that charmed par
ticles would be found to have masses of 
about 2 or 3 GeV. 

After the discovery of the J, I per
formed a more formal analysis with my 
colleagues at Harvard, Alvaro De Ru
jula and Howard Georgi. So did many 
others. Our estimates indicate that the 
least massive charmed states are mesons 
made up of a c quark and a ii or d anti
quark; their mass should fall between 
1 .8 GeV and 2.0 GeV. A value within 
that range could be in agreement with 
the supposition that psi' lies below the 
threshold for the creation of a pair of 
charmed mesons, but psi" lies above it. 

The least massive charmed baryon has 
a quark composition of udc; we predict 
tllat its mass is near 2.2 GeV. As might 

4.5 

PSI" 

4.0 

:;;- -- (?) 
Q) 

be expected, since the c quark is the 
heaviest of the four, the most massive 
predicted charmed hadron is the ccc 
baryon. We estimate its mass at about 
5 GeV. 

An important principle guiding exper
imental searches for charmed hadrons is 
the requirement that in most kinds of 
interaction charmed particles can be 
created only in pairs. Two hadrons must 
be produced, one containing a charmed 
quark, the other a charmed antiquark; 
the obvious consequence is a doubling 
of the energy required to create a 
charmed particle. An important excep
tion to this rule is the interaction of neu
trinos with other kinds of particles, such 
as protons. Neutrino events are exempt 
because neutrinos have only weak inter
actions and quark Havor can be changed 
in weak processes. Many experimental 
techniques have been tried in the search 
for charm during the past 10 years, yet 
no charmed particle has been unambigu
ously identified. Nevertheless, two re
cent experiments, both involving neu
trino interactions, are encouraging. In 
both charm may at last have appeared, 

PSI ' � Pc + PHOTON 

Q. � 3.5 I------------t-----I'---t-----'�--+---� Pc 

� HADRONS 

Pc �J + PHOTON 

3.0 �-----=-::::-::::-::::-:::-'-(?:.J...)--_+---+_-+---+_--------� 

LE PTONS HADRONS 

2.5 '---________ ..1..-________ -'-________ -' 
PARACHARMON I U M  ORTHOCHARMON I U M  

(QUARK S P I N S  ANTI PARALLEL) (QUARK S P I N S  PARALLEL) 
P-WAVE CHARMON I U M  
( O N E  U N I T  OF ORBITAL 
ANGULAR MOMENTUM) 

CHARMONIUM must exist at several energy levels, distinguished by the state of motion of 

the constituent quarks. The ] particle is the ground state of orthocharmonium, in which 

the quark spins are parallel. Two excited states of orthocharmonium, designated psi' and 

psi", were discovered at SLAC shortly after the ] particle. Psi', like the ] particle, seems to 

be too light to decay into two charmed hadrons, but the rapid decay of psi" suggests that it 

has the necessary mass. Two other forms of the particle, called paracharmonium, in which 

the quark spins are anti parallel, have not been discovered. P·wave charmonium, in which 

the quarks have a unit of orbital angular momentum in addition to spin angular momentum, 
may have been detected at the German Electron Synchrotron in Hamburg and at SLAC. 
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but even if that proves to be an illusion, 
the experiments suggest promising lines 
of research. 

One of the experiments was conduct
ed at the Fermi National Accelerator 
Laboratory in Batavia, Ill., by a group of 
physicists headed by David B. Cline of 
the University of Wisconsin, Alfred K. 
Mann of the University of Pennsylvania 
and Carlo Rubbia of Harvard. In exam
ining the interactions of high-energy 
neutrinos they found that in several per
cent of the events the products included 
two oppositely charged muons. One of 
the muons could be created directly 
from the incident neutrino, but the other 
is difficult to account for with only the 
ensemble of known, uncharmed parti
cles. The most likely interpretation is 
that a heavy particle created in the reac-

tion decays by the weak force to emit the 
muon. The particle would have a mass of 
between 2 and 4 GeV, and if it is a had
ron, some explanation must be found for 
its weak decay. Most particles with 
masses that large decay by the strong 
force. The presence of a charmed quark 
in the particle might provide the re
quired explanation. 

The second experiment was per
formed at Brookhaven by a group of in
vestigators under Nicholas P. Samios. 
They photographed the

' 
tracks resulting 

from the interaction of neutrinos with 
protons in a bubble chamber. In a sam
ple of several hundred observed colli
sions one photograph seemed to have no 
conventional interpretation [see illustra
tion on page 44] .  The final state can be 
construed as the decay products of a 

-

CHARMED BARYONS are expected to be considerably more massive than other hadrons. 

None of the charmed particles have yet been unambi guously identified, but their masses 

have been predicted from the mass of the ] particle. Some of the charmed particles must 

exist in more than one charge state ( indicated by zeros and plus signs)  and at several energy 

levels ( indicated by their position with respect to the mass scale at left ) .  Some of the parti. 

cles can decay by the strong interaction (dotted arrows) or the electromagnetic interaction 

(solid black arrows) into states that have the same quantum numbers but smaller mass ; 

others can decay only by the weak interaction (open arrows) into un charmed particles. The 

form of the table is  determined largely by the requirement that a baryon be made up of ex· 

actly three quarks ; there can be no particle with a strangeness of -2 and a charm of + 3, for 

example, because that would require five quarks : two strange ones and three charmed ones. 
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charmed baryon. The process would 
provide convincing evidence for the ex
istence of charm if it were not attested 
to by only one event. A few more obser
vations of the same reaction would settle 
the matter. 

r would be misleading to give the im-
pression that the description of had

rons in terms of quarks of three colors 
and four flavors has solved all the out
standing problems in the physics of ele
mentary particles. For example, continu
ing measurements of the ratio of hadrons 
to muon pairs produced in electron
positron annihilations have confounded 
prediction. The ratio discriminates be
tween various quark models, and an ar
gument in support of the color hypothe
sis was that at energies of from 2 to 3 
GeV the ratio is about 2. At higher en
ergy, high enough for charmed hadrons 
to be created in pairs, the ratio was ex
pected to rise from 2 to about 3.3. The 
ratio does increase, but it overshoots the 
mark and appears to stabilize at a value 
of about 5. Perhaps charmed particles 
are being formed, but it seems that 
something else is happening as well: 
some particle is being made that does 
not appear in the theory I have de
scribed. One of my colleagues at Har
vard, Michael Barnett, believes we have 
not been ambitious enough. He invokes 
six quark flavors rather than four, so that 
there are three flavors of charmed quark. 
It is also possible there are heavier lep
tons we know nothing about. 

Finally, even if a completely con
sistent and verifiable quark model could 
be devised, many fundamental questions 
would remain. One such perplexity is 
implicit in the quark-lepton symmetry 
that led to the charm hypothesis. Both 
the quarks and the leptons, all of them 
apparently elementary, can be divided 
into two subgroups. In one group are 
the u and d quarks and the electron and 
electron neutrino. These four particles 
are the only ones needed to construct 
the world; they are sufficient to build all 
atoms and molecules, and even to keep 
the sun and other stars shining. The 
other subgroup consists of the strange 
and charmed quarks and the muon and 
muon neutrino. Some of them are seen 
occasionally in cosmic rays, but mainly 
they are made in high-energy particle 
accelerators, It would appear that nature 
could have made do with half as many 
fundamental things. Surely the second 
group was not created simply for the 
entertainment or edification of physi
cists, but what is the purpose of this 
grand doubling? At this point we have 
no answer. 
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· · ket , Here kitty, kitty, lotty, kItty, 1 ty. 
Between the eyes, 
the upward arrow. 
All done with the 
statistics of distri
bution of skeins of 
ultramicro silver 
f i l a m e n t s .  F o r  
color, little clouds 
of dye. 

When magnifica
tion is carried too far, the subjective 
effect called graininess manifests itself. 
It correlates with granularity, a phys
ically measurable quantity. That's not 
just playing with words. Graininess, 
quite appropriately, is the sensation one 
gets when looking at a handful of grain. 
If instead of lying helter-skelter in 

your palm the kernels were uniformly 
spaced, graininess would no longer be 
the word for the sensation, even though 
you were still seeing individual grains. 
It's randomness that elicits the graini
ness sensation. 

Except at extreme right above, one 
is seeing only random variations in 
spacing and overlapping of the indi
vidual silver skeins or dye clouds. We 
quantify these variations as deviations 
from density 1 .0 when scanned in a 
densitometer with a 48-p.m aperture. 
For all kinds of uniformly exposed 
Kodak films, the root-mean-square of 
the deviations multiplied by 1 ,000 and 
appropriately rounded off becomes 
"diffuse rms granularity value." 

Here is  how these values relate to 
the words we use to state graininess : 

45, 50, 55 "Very Coarse" 
3 3 , 36, 39, 42 "Coarse" 
26, 28, 30 "Moderately 

2 1 , 22, 24 
1 6, 1 7, 1 8, 1 9 , 20 
1 1 , 1 2, 1 3 , 1 4, 1 5  
6, 7, 8, 9, 1 0  

Coarse" 
"Medium" 
"Fine" 
"Very Fine" 
"Extremely 

Fine" 
5 or less "Micro Fine" 
Emulsion progress over the years 

has consisted largely of lifting the up
sloping line that plots light sensitivity 
against granularity. Result :  the num
ber of pictures taken per year goes up 
much faster than acres of film manu
factured-less material required for 
more and better results with less in the 
way of equipment and folderol. Good 
for the customer. Good for us. 

KITTY IS MISSING!  Circulars are to be run off bearing the 
kitty's picture. But, since the printing press either does or 
does not deposit ink at any given point on the paper, the 
information about that all-important streak on the head is 
to be conveyed through arrayed dots of varying size. 

Dealers in materials for the graphic arts (check the YeIlow 
Pages ) can supply KODALITH AUToscREEN Ortho Film 2563 
( ESTAR Base ) .  It makes possible a simpler procedure to 
convert a photo to dots than used for the illustrations in the 
magazine you are now reading. The sensitivity of its emulsion 
varies cyclically with a frequency of 1 3 3  per inch. This re
sults in a grid of dots whose size varies with brightness dis
tribution over the image. The film is quite slow ; for direct 
photography, instead of making halftones from existing 
photographs, only still-l ife subjects are practical. But that 
might be quite useful if instead of finding your lost cat you 
just want to reproduce photographs decently with a dupli
cating machine. The film can be exposed in a conventional 
view camera. 

KITTY MAY BE HIDDEN IN HOLOGRAPHIC FRINGES. Why 
people should want to render an image holographically they 
don't always say. At any rate, it is reported in Applied Phys
ics Letters for August 1 ,  1 975 that KODAK Holographic Plate 
Type 1 20-0 I ,  employed in a stunt described in 1 840 by Sir 
John F. W. Herschel, yields what is believed to be the high
est diffraction efficiency (for red-light reconstruction ) ever 
reported in an infrared-recording material, with spatial fre
quency better than 1 3 00 cycles/mm. It was Sir John who 
revealed the existence of the infrared in the first place, and 
then he found that it erased latent image in a light-exposed 
photographic material. Now it turns out that infrared holo
graphic images can be recorded by Herschel-effect erasure 
in prefogged 1 20-0 1 plates. Doesn't seem to work on our 
other high-resolution emulsions. See Applied Physics Letters 
for details. Type 1 20 plates are stocked by dealers in holo
graphic specialties. 

Details in Kodak Publication No. Q-20 ("Making Half
ton�s with KODALITH AUTO SCREEN Ortho Film 2563 " ) , 
available from above dealers or Kodak, Dept. 4 1 2-L, Roch
ester, N.Y. 1 4650. 

5 1  
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The Magnetic Monopole 

T
he recent report that a magnetic 
monopole may have been detected 
took many physicists by surprise, 

but not because they had doubted that 
the particle exists. The monopole has 
been all but essential in physical theory 
for almost 45 years, and the principal 
mystery has been its failure to appear 
in observations and experiments [see 
"Magnetic Monopoles," by Kenneth W. 
Ford; SCIENTIFIC AMERICAN, December, 
1963J. lf a monopole has now in fact 
been observed, the negative results of 
earlier attempts become even more curi
ous, and they may imply that the prop
erties of the particle are somewhat dif
ferent from what had been supposed. 

In the theory of electromagnetism the 
monopole is complementary to the elec
tron. Just as the electron is characterized 
by an electric charge, so does the mono
pole have a magnetic charge, or intrinsic 
pole strength. An electron at rest is sur
rounded by an electric field, and when it 
is in motion, it acquires a magnetic field. 
A monopole, conversely, has only a mag
netic field when it is at rest but acquires 
an electric field when it is in motion. 
Because of the symmeb·y the monopole 
brings to electromagnetism, most physi
cists have been confident that sooner or 
later one would be found. 

The recent possible observation of a 
monopole was reported by P. Buford 
Price and Edward K. Shirk of the Uni
versity of California at Berkeley and W. 
Zack Osborne and Lawrence S. Pinsky of 
the University of Houston. They made 
the discovery in the course of an experi
ment whose primary object was not the 
detection of monopoles but the investi-
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gation of massive atomic nuclei in cosmic 
radiation. The experiment employed a 
novel particle detector that was suspend
ed from a balloon for two and a half days 
at an altitude of about 25 miles. 

The detector had three components. 
One consisted of a fine-grained photo
graphic emulsion of the kind ordinarily 
used to record the tracks of electrically 
charged particles. The second was a Ce
renkov detector: a sheet of plastic with a 
high refractive index coated on its un
derside with another layer of photo
graphic film. When a particle passes 
through a medium at a speed greater 
than the speed of light in that medium, 
it emits the light known as Cerenkov ra
diation. Particles passing through the de
tector would radiate if they were moving 
at more than .68 c, or .68 times the speed 
of light in a vacuum. The Cerenkov ra
diation would be registered by the film. 

The third component of the detector 
employed a technique that Price and 
some of his colleagues have been instru
mental in developing. It consisted of 33 
thin sheets of a carbonate plastiC, Lexan. 
Particles passing through such a plas
tic are known to disrupt the molecu
lar structure of the polymer. When the 
sheets are etched with a caustic solution, 
the damaged areas are removed faster 
than the rest of the plastic, leaving small 
conical pits that mark the path of the 
particle. From the shape of the pits and 
the rate at which they form, some of the 
properties of the particle can be de
duced. 

The track of the suspected monopole 
was discovered during the summer; Price 
and his colleagues describe it in Physical 
Review Letters. From the photographic 
emulsion it appeared initially to have 
been made by an atomic nucleus with a 
charge, and hence an atomic number, of 
about 80 and a velocity of about .5 C; the 
Cerenkov detector confirmed that the 
velocity was below .68 c. Such particles 
are by no means common in cosmic rays, 
but occasionally they are observed. The 
Lexan sheets, however, seemed to record 
the passage of a much different particle. 
If it was a nucleus, its charge and atomic 
number had to be at least 125 and its ve
locity could not be less than .92 c. Even 
aside from the contradictory evidence of 
the other detectors, it seemed unlikely 
that such a particle would be found in 
cosmic rays. The most massive nucleus 

previously observed was that of curium, 
with an atomic number of 96; heavier 
nuclei are so unstable that they could not 
survive long enough to reach the earth. 

The b·acks in all three detectors can be 
accounted for if the particle is not a nu
cleus but a monopole with a magnetic 
charge 137 times as strong as the elec
tric charge of the electron. Its velocity 
cannot be determined from the Lex
an sheets, except that it must be high 
enough for the particle to have pene
trated all 33 layers. The track in the pho
tographic emulsion suggests a velocity 
of about .5 c. One unanticipated conse
quence of this interpretation is that mon
opoles must be very massive, perhaps 
500 times as massive as the proton. 

The existence of monopoles was pre
dicted in 1931 by P. A. M. Dirac. He 
demonstrated that such particles are not 
forbidden by any of the provisions of 
quantum mechanics, and on that basis 
alone their existence seemed mandatory. 
He also showed that if monopoles exist, 
an aspect of nature that had seemed 
quite arbitrary could be explained in 
more fundamental terms. Electric charge 
appears only in integral multiples of the 
electron's charge, and the unit of that 
charge is related to two universal con
stants, c and the smallest unit of angular 
momentum, Ii (Planck's constant divided 
by 27r), by a constant of proportionality 
equal to 137. By setting the magnetic 
charge of the monopole at 137, the rela
tion between electric charge and the uni
versal constants could be made unitary. 

Since Dirac made his prediction sev
eral techniques have been applied to the 
search for monopoles. At most particle 
accelerators attempts have been made to 
manufacture them; if they are as massive 
as the track found by Price and his col
leagues implies, the failure of those at
tempts is readily understood. It has been 
supposed that monopoles reaching the 
earth might come to rest near the sur
face, particularly in magnetic materials 
such as iron ores and manganese nodules 
on the sea floor. Attempts to extract them 
from those materials have failed, as have 
efforts with lunar rocks and meteorites. 
Finally, monopoles passing through min
erals such as mica ought to leave damage 
tracks similar to those Price and his col
leagues observed in Lexan. No such 
tracks have been discovered. 

lf monopoles are shown to exist, other 
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theories must take account of them. Per
haps most important, monopoles must 
have some effect on quantum electro
dynamics, the modem theory of electro
magnetism. Quantum electrodynamics 
without monopoles is quantitatively the 
most successful theory in the history of 
physics, having been verified with great 
precision both in the realm of subnuclear 
events and on the scale of planetary as
tronomy. It is not obvious how mono
poles could be incorporated in it without 
impairing its predictive power. 

The existence of monopoles also sets 
a constraint on the theory that explains 
some subatomic particles as composites 
of more elementary things called quarks. 
The quarks are thought to have frac
tional charges, and if they do, the exis
tence of monopoles requires that a quark 
never be seen in isolation; quarks must 
remain permanently bound in particles 
with integral charge. As it happens, the 
confinement of quarks has recently been 
proposed for quite different reasons [see 
"Quarks with Color and Flavor," by 
Sheldon Lee Glashow, page 38]. 

Given the theoretical standing of mon
opoles, their discovery would be wel
come. The particle track observed by 
Price and his colleagues cannot, how
ever, be considered unequivocal evi
dence that they exist, mainly because it 
pertains to only one event. In particle 
phYSics there are innumerable phenom
ena seen only once that remain without 
explanation. Confirmation of the discov
ery is therefore essential. The best con
firmation, of course, would be to capture 
a monopole-as Price has said, to bring 
one back alive. 

Working under Pressure 

S
imulated dives carried out in a water-
filled high-pressure chamber at the 

University of Pennsylvania have demon
strated that men can work effectively at 
depths as great as 1,600 feet below the 
surface of the ocean, or more than twice 
the depths previously achieved in actual 
working dives in the oil fields of the 
North Sea. The four volunteers in the 
experiments were subjected to pressures 
as high as 712 pounds per square inch, 
or nearly 50 times normal atmospheric 
pressure. The record for a simulated dive 
in a dry chamber is 2,001 feet, achieved 
by two French divers three years ago. 
The record for an open-sea dive, 1,148 
feet, was set in the Gulf of Mexico this 
past June by a U.S.-British naval team. 

The recent tests at the University of 
Pennsylvania's Institute for Environmen
tal Medicine differed from the dry-cham
ber record and the open-sea record in 

that the volunteers carried out typical 
maintenance tasks with a six-foot, 2,400-
pound "Christmas tree," or wellhead, in 
a chamber filled with water. The volun
teer subjects were "taken down" in 40 
minutes to a pressure equivalent to that 
at 800 feet, where they remained for two 
hours in order to allow their tissues to 
become saturated with the helium con
tained in the oxygen-helium breathing 
mixture. In another 40 minutes they 
were subjected to a pressure equivalent 
to that at 1,200 feet, where they re
mained overnight. The next morning 
they were subjected to a pressure equiv
alent to that at 1,600 feet in only 20 min
utes. After "working" for 55 minutes un
der close observation at 1,600 feet they 
were returned quickly to the 1,200-foot 
level. This technique, termed saturation
excursion diving, enabled the volunteers 
to reach their maximum depth in less 
than half the time required in any pre
vious laboratory or open-sea experiment. 
So far, however, no way has been found 
to speed up the decompression process, 
which from 1,200 feet takes eight days. 
The lengthy period is required to flush 
helium out of regions such as the lens of 
the eye and the fluids of the inner ear, 
which have the poorest blood supply. 
(It has been known for many years that 
helium or some other "safe" gas must be 
used in place of nitrogen in the breath
ing mixture supplied to deep-sea divers 
because nitrogen under pressure is a nar
cotic.) 

In simulated dives to 1,200 feet the 
volunteers, who "descended" in pairs, 
initially exhibited muscular weakness, 
tremor and lack of coordination, accom
panied by mental depression, nausea and 
drowsiness. It was found, however, that 
these effects wore off rapidly and that by 
the next morning the volunteers felt es
sentially normal. On being further com
pressed to a simulated depth of 1,600 
feet they experienced no adverse effects. 
All four volunteers carried out their as
signed tasks successfully; two of the four 
performed at least as well as they had in 
tests at sea level. 

The simulated dives, part of a pro
gram begun six years ago to investigate 
the basic limits of human tolerance and 
performance in undersea activity, was 
supervised by Christian J. Lambertsen, 
director of the Institute for Environmen
tal Medicine. 

The River Blindness 

T
here are villages in tropical Africa 
and Central America where as many 

as 15 percent of the people are blind. 
They are victims of "river blindness," a 

frequent complication of the parasitic 
disease onchocerciasis, which is estimat
ed to afHict more than 20 million people 
and which has recently been recog
nized as a major public-health problem 
throughout the tropical world. Like most 
parasitic infections, it affiicts people far 
removed from medical care, and so its 
true extent, the details of its epidemiol
ogy and even the precise mechanism by 
which it causes its effects are not well 
understood. At a meeting in Washington 
sponsored by the Pan American Health 
Organization and the World Health Or
ganization specialists in the disease and 
its control summarized what is known 
about the infection, what remains to be 
learned about it and what might be 
done to control it. 

The agent of onchocerciasis is a 
threadlike worm, Onchocerca volvulus, 
that inhabits the skin and the connective 
tissue. The males are several inches long; 
the females may be more than a foot. 
Many of the worms become encysted in 
fibrous nodules that are unsightly and 
sometimes painful but not usually dan
gerous in themselves. The worms pro
duce embryos, however: microfilariae 
about a third of a millimeter long. The 
microfilariae get out of the nodules and 
move through the skin, causing a wide 
variety of unsightly and disabling skin 
changes. Entering the lymph, they infest 
the lymph glands and cause swelling and 
elephantiasis. From the lymph they en
ter the bloodstream and invade the in
ternal organs, where they can apparently 
interfere with normal functioning. In 
particular the microfilariae, usually mov
ing directly from nodules on the head, 
invade the tissues of the eye, where they 
impair or destroy sight by causing in
flammation and opacity of the cornea, by 
somehow inducing glaucoma or cataract 
and by other processes. 

The worm's intermediate host and the 
vector of the disease, depending on the 
locality, is one or another species of the 
black-fly genus Simulium. A female fly 
bites an infected person, ingesting scores 
of the microfilariae; the embryos develop 
in the fly for a few days; the fly bites 
again and the cycle is renewed. The Hies 
breed in rivers and fast-flowing streams, 
and so it is that the disease is endemic 
in river basins and on well-watered sa
vanna. As a result, as Alfred A. Buck of 
the WHO pOinted out at the Washing
ton meeting, in many areas "where wa
ter is one of the most precious elements 
of life the fertile valleys are abandoned 
because of river blindness." 

Onchocerciasis can be treated by ex
cision of the nodules or by chemother
apy. Nodulectomy does not get all the 
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worms, and the two available drugs (one 
for the worms and one for the micro
filariae) have serious side effects. Devel
oping new drugs for a disease that affiicts 
poor societies is an uneconomic business 
and will require support from interna
tional agencies, a study group at the 
meeting reported. The most promising 
approach to the control of onchocercia
sis, however, is the application of effec
tive larvicides to the breeding waters of 
the flies tha t transmit it. 

Lost Wheels 

A major technological difference be
tween the Old World and the New 

in pre-Columbian times was the New 
World's ignorance of continuous rotary 
motion and its mechanical applications: 
the millstone, the wheeled vehicle and 
the potter's wheel. In the New World 
grain was milled by crushing it between 
a stone roller and a stone slab or by 
pounding it; the only vehicles were sleds 
and improvised skids; pottery was pains
takingly fashioned out of coils of clay. 
Such, at least, had been the prehistori
an's view until a few seasons ago, when 
Terence Grieder of the University of 
Texas at Austin excavated a burial in the 
Peruvian highlands 250 kilometers north 
of Lima. The grave, near the pre-Colum
bian settlement of Pashash, was that of 
an aristocratic woman who had been 
buried in the latter half of the fifth cen
tury along with a wealth of grave goods. 
Among the buried offerings were scores 
of wheel-turned clay pots. 

The Pashash pots, Grieder reports in 
Archaeology, were roughly hemispheri
cal cups with a low, flared pedestal foot. 
The cup and the foot were turned sep
arately on a wheel; a circular channel 
was then cut into the base of the cup to 
receive the pedestal. After the cup and 
the foot were a�sembled the potter spun 
his wheel again, the interior of the foot 
was smoothed (perhaps with a cloth) and 
a background color was brushed on the 
surface of the rotating cup. The cups 
from the grave are the same shape as or
dinary Pashash household ware, but the 
household pottery shows no evidence of 
wheel turning. 

Among the grave offerings Grieder 
also found 15 stone cups that had evi
dently been turned on a lathe. As he re
constructs the process, a stone blank was 
mounted rigidly on a shaft that also bore 
a flywheel. A length of cord was then 
wrapped around the shaft and quickly 
pulled off, so that the weighted shaft and 
the blank rotated at considerable speed. 
The unwanted stone was then removed 
with a fixed bit. On neither the wheel-

turned clay pieces nor the stone cups 
are there any toolmarks indicating use of 
a bow drill as a source of power; such a 
method, of course, produces rotation first 
in one direction and then in the other. 

Because the grave goods and other 
examples of Pas hash lathework are cere
monial, Grieder proposes that both tech
niques of rotary motion were confined to 
the production of a few objects for an 
elite class. Some 200 years later Pash
ash craftsmen had abandoned both the 
wheel and the lathe, and a revolutionary 
New World technological advance van
ished without a trace. 

Clean Slate 

C'affiti-amateur inscriptions and dec-
orations in public places-can be 

regarded as an intolerable nuisance or 
untrammeled self-expression. From ei
ther point of view the need is for clean 
surfaces; otherwise the public official 
loses all hope of restoring walls and con
veyances to their original condition and 
the graffito artist runs out of canvas. The 
National Bureau of Standards has looked 
into the matter and puts forward a rea
sonable solution: Coat the surface in the 
first place with a special substance from 
which markings can be removed easily. 
The study is described in Dimensions, a 
bureau publication . 

The bureau undertook the study for 
the U.S. Department of Housing and 
Urban Development, which was con
cerned about graffiti in Federally fi
nanced public-housing developments. 
First the bureau investigated commer
cially available products that can remove 
graffiti. After a preliminary screening 
that eliminated more than two-thirds of 
the potential graffito removers, the bu
reau tested 24 products and finally chose 
five (all of them liquid paint removers) 
that erased the largest variety of spray
paint markings from brick and other 
common surfaces. 

Then the bureau looked into preven
tive. coatings. The investigation turned 
up three that resist permanent bonding 
of most of the common types of marking, 
two that are highly resistant to spray 
paint and four that resist crayon, felt-tip 
pens and lipstick. The three products 
that proved to be most broadly success
ful are generically classified as a ure
thane, a dimethyl silicone and a styrene 
acrylonitrile terpolymer. McClure Go
dette, a chemist who worked on the proj
ect, said of them: "These coatings cost 
just slightly more than a coat of paint 
for the same surface area, and they can 
be useful in making any future graffiti 
defacement easier to clean up." 
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SOLUTIONS 
INSEARCHOF 
A PROBLEM. 

In a rational world, first comes the 
problem then the solution. Right? 
Right. . .  but not always. Sometimes 
the solution comes first and the 
problem has to be searched out. A 
100-year-old idea, for example, can 
be adapted to break through tech
nological limitations imposed by 
older engineering materials. Which 
brings us to our story. 

Merci, M. Belleville 
Back in 1866 one Julien Belleville pat
ented a coned metal disc spring that 
we now call, to no one's surprise, a 
Belleville spring. It has a convex 
saucer shape 
and a center 
hole. Under 
load it flattens 
and returns to 
its original 
shape when 
the pressure is 
off, even as you 
and I. 

G, 
TOGETHER 

c!E!5"" 
So, we've been working on Belle

ville springs made of an engineering 
plastic - Delrin® acetal resin. We've 
designed springs of "Delrin", mold
ed them as individual discs and as 
large sheets with snap-together sur
faces. And we've even extended the 

performance of Belleville springs to 
other geometries, thanks to another 
pretty good invention, the 
computer. 

We've got a lot of answers- for 
possible use in door closer springs, 
springs in switches, relays and push 
buttons, furniture innersprings 
and, from one of our engineers who 
thinks young, pogo sticks. Maybe 
you have a new or even old idea that 
can expand in function and useful
ness when it's matched with our en
gineering plastics technology. 

Bom to fail 
That isn't the name of a soap opera. 
Rather it describes an unusual tech
nique: planned failure. We've 
always known that "Delrin", because 
of its reproducible properties, could 
be designed to fail at a predeter
mined stress. Then several years ago 
we were approached by an 
auto company that was 
developing a 
steering 

column to minimize the effects of 
accidents. It consisted of a telescop
ing shaft in two tubular sections that 
would have to collapse at a carefully 
predetermined stress. 

Together with the company we 
worked out the tec�nology of injec
tion molding "Delrin" into the tubu
lar sections as part of the mold. The 
design depended on "Delrin" shear 
pins and bearing collars. 

And so we have another apt illus
tration of a solution looking for a 
problem and in this case find ing it. 

Surprising breaks with tradition can 
happen when you look at your 
problem and our engineering plas
tics technology with a new, unre
stricted curiosity. If our expertise in 
the properties and uses of engineer
ing plastics may be of help, you can 
continue this dialog by either writ
ing Dick Johannes, Du Pont Co., 
Plastics Department, Rm. D-13064, 
W ilmington, DE 19898 on your 
company letterhead, or calling Dick 
at (302) 77 4-5826. 

<[(JPOtID 
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IMAGE RECONSTRUCTION 

FROM PROJECTIONS 

A mathematical technique makes it possible to use a series of X-ray 

exposures made from different angles to reveal the internal organs 

of the body in cross section instead of superimposed on one another 

by Richard Gordon, Gabor T. Herman and Steven A. Johnson 

U
ntil quite recently the physician 
has had at his disposal only a few 
means of gaining information 

about the three-dimensional location 
and arrangement of normal and diseased 
organs and tissues within his patient's 
body. His sense of touch, conventional 
X-ray pictures, radioactive tracers and 
exploratory surgery are all useful but 
have distinct limitations. Today the 
practice of medicine is entering an era 
in which the internal structures of the 
body are being made far more accessible 
by noninvasive procedures. Such proce
dures may effect a revolution in medi
cine comparable to that brought about 
late in the 19th century by the introduc
tion of anesthetics and sterile tech
niques. One particular noninvasive pro
cedure, called reconstruction from 
projections, is coming into service in 
hospitals throughout the world. It is a 
technique of mathematically combining 
X-ray images made from numerous an
gles into images in three dimensions of 
the organs within the body. 

In conventional radiography X rays 
diverge from a source and pass through 
the body, projecting an image of bones, 
organs, air spaces and any existing tu
mors . onto a sheet of RIm. Invaluable 
though the procedure is, it suffers from 
a major shortcoming: on the RIm the 
structures overlap and are sometimes 
difficult or impossible to distinguish from 
one another. This is particularly true 
when the X-ray density of one structure 
differs only slightly from the density of 
a neighboring one, as is often the case 
with a tumor and the tissue in which it 
is embedded. 

In attempting to surmount this short
coming the physician often makes a 
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number of X-ray pictures from different 
angles, in which the internal organs ap
pear in different relationships to one an
other. This qualitative procedure is now 
being replaced by the new quantitative, 
mathematical technique that combines 
X-ray pictures to yield a representation 
of the internal structure in three dimen
sions. With such vital information avail
able diagnosis becomes more accurate, 
and more precise guidance can be given 
to the hand of the surgeon and to thera
peutic radiation aimed at a tumor. 

The mathematical methods for recon
structing images from projections are 
being applied in a broad range of en
deavors outside medicine. For example, 
in microscopy and in industrial nonde
structive testing three-dimensional in
ternal structure has been reconstructed 
from projected images made not only 
with X rays but also with light, electrons 
and protons. In astronomy similar meth
ods are used to reconstruct images in 
two dimensions of celestial objects from 
their radio and X-ray signals [see "Giant 
Radio Galaxies," by Richard G. Strom, 
George K. Miley and Jan Ood; SCIEN
TIFIC AMERICAN, August]. Analogous 
processes may well underlie the way we 
perceive the world visually. 

A Rediscovered Method 

The history of these reconstruction 
techniques began in 1917 with the pub
lication of a paper by the Austrian 
mathematician J. Radon, in which he 
proved that a two-dimensional or three
dimensional object can be reconstructed 
uniquely from the infinite set of all its 
projections. This result has been repeat
edly rediscovered by mathematicians, 

radio astronomers, electron microsco
pists and medical radiologists. As early 
as 1922 several radiologists indepen
dently devised another X-ray technique 
for determining three-dimensional struc
ture, a technique that is quite distinct 
from reconstruction from projections. 
This technique, known as tomography, 
is now practiced in every major hospital 
and has been the traditional method of 
obtaining three-dimensional informa
tion. In most tomographic instruments 
the X-ray source moves in one direction 
and the photographic film simultaneous
ly moves in the opposite direction. The 
patient lies in between. If the patient's 
body is regarded as a series of planes 
parallel to the RIm, there is only one 
plane whose projected image remains 
stationary with respect to the film as the 
RIm moves. Hence that plane remains 
sharply focused on the film and the oth
ers are blurred. 

If Radon and the early tomographers 
had been aware of their common prob
lem, many of the developments of 
the past few years might have been 
launched half a century ago. On the 
other hand, the full explOitation of re
construction techniques would have had 
to await the arrival of modern com
puters, because the number of computa
tions required for each reconstruction is 
formidable. 

To appreciate how many computa
tions are needed, let us consider the 
problem of reconstructing the anatomy 
of the brain within a cube 20 centimeters 
(eight inches) on a side. To represent the 
small details, we may want to have a 
resolution of two millimeters, which 
means that we would reconstruct the 
brain tissue as an array of small cubes 
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each two millimeters on a side. We 
would then have the brain represented 
in a large cube consisting of 100 X 100 
X 100, or a million, small cubes. Even if 
a high-speed digital computer took only 
a twentieth of a second to perform the 
computation for each small cube, more 
than half a day would be required to 
complete the computations. 

Fortunately there are ways to greatly 
simplify the procedure. For example, the 
X rays can be directed so that they pass 

through the patient's body in parallel 
rays as the patient (or the apparatus) is 
rotated in steps around a single axis. If 
a photographic image were made at each 
step, that is, for each projection, struc
tures in the patient's body lying in a 
plane perpendicular to the axis of ro
tation would be recorded as a single 
one-dimensional line. By measuring the 
X-ray density along that line on each im
age we isolate the information from the 
desired plane. Thus we can reconstruct 

the single two-dimensional plane and 
merely stack a sequence of such planes 
to get a full three-dimensional picture. 
The reduction of the computation time 
results from our ability to isolate a few 
planes of interest. The technique of re
constructing a three-dimensional picture 
therefore comes down to the technique 
of reconstructing a two-dimensional pic
ture, or cross section, from its one
dimensional projections. 

When any method of reconstruction 

CROSS SECTION OF ABDOMEN of a living human subject ap· 

pears in this X.ray picture made by reconstruction from projec' 

tions. This section is seen from the same perspective as the one on 

the cover of this issue: from ahove the subject's head. The vertical 

bar at the right is the key to the X.ray density of the tissues in the 

section; white represents the greatest density, black the least den. 

sity and the colors the densities in between. The white areas below 

the center of the section are the spinal column. The large light. 

colored area running from upper right to lower right is the liver. 

The light area near the upper end of the liver is the gall bladder, 

which here contains an X.ray opaque dye for diagnostic purposes. 

The two roundish areas to the left and right of the spinal column 

are the kidneys. The small dark areas extending from the top 

around to the lower left are sections through loops of intestine. 

This picture, like the one on the cover, was made by the Delta 

Scanner built by Ohio·Nuclear in the course of a study by Ralph 

J. Alfidi, M.D., of the Cleveland Clinic Foundation. The picture 

required 180 separate X.ray projections, made at one·degree inter· 

vals around a half·circle. Total dose of X rays was approximately 

the same as that needed to make a single conventional X.ray plate. 
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CONVENTIONAL X-RAY PICTURE is made by allowing the X rays to diverge from a 

source, pass through the body of the subject and then fall on a sheet of photographic film_ 

TOMOGRAM is made by having the X-ray source move in one direction during the expo

sure and film in the other direction_ In projected image only one plane in body remains 

stationary with respect to moving film. In the picture all other planes in body are blurred. 

VIEWING UNIT 

RECONSTRUCTION FROM PROJECTIONS is made
' 

by mounting the X.ray source and 

an X.ray detector on a yoke and moving them past the body. The yoke is also rotated 

through a series of angles around the body. Data recorded by detector are processed by a 
special computer algorithm, or program. Computer generates picture on a cathode-ray screen. 
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is applied to a finite amount of real data 
(in contrast to the infinite number of 
mathematically precise projections re
quired by Radon's theorem), it yields 
reconstructions that are at best only 
estimates of the object's actual struc
ture. Moreover, the relative accuracy of 
various mathematical methods has been 
found to depend on the nature of the 
data collected. To test the accuracy of a 
particular method we can reconstruct an 
object whose structure is already known. 
That is, we can take any two-dimension
al picture, regard it as a "test picture," 
calculate its one-dimensional projections 
at various angles, perform the recon
struction and compare the reconstructed 
picture with the original. 

The Summation Method 

A rough but nonetheless elegant 
method of obtaining an approximate re
construction is the summation method. 
Because of its simplicity it can be uti
lized photographically or even with a 
pencil and a straightedge. In the sum
mation method the density of each point 
in the reconstructed picture is obtained 
by adding up the densities of all the rays 
going through that point. For example, 
if the test picture consists of a single 
point and three projections of it are 
made, the reconstruction is a six-pOinted 
star [see illustration on opposite page]. 
The star demonstrates the roughness of 
the summation method: it is the "point
spread function" of that particular 
process of reconstruction. An exact 
method of reconstruction would recon
struct a pOint as a point and not as a star. 
It should be mentioned, however, that a 
method that succeeds in reconstructing 
a single point as a point is not necessarily 
an exact method for reconstructing more 
complex pictures. 

One-dimensional projections of more 
complex test pictures can be made pho
tographically by moving the test picture 
across a piece of mm at a certain angle 
while exposing the mm to light [see top 
illustration on page 60]. The projection 
is recorded as a blurred set of parallel 
streaks across the mm, with the density 
of each streak corresponding to the 
integrated density of the picture at that 
angle. One can then photographically 
add up the streak pictures on another 
sheet of mm. The accuracy of the recon
struction is improved as additional streak 
pictures are included. 

The streak pictures can themselves be 
approximated by a set of parallel lines 
whose spacings are inversely proportion
al to the projected density of the test pic
ture [see bottom illustration on page 60]. 
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Pictures generated by the superposition 
of lines are moire patterns. We now see 
that any picture, through its approxi
mate reconstruction by the summation 
method, can be generated as a moire pat
tern. 

In addition we can see that each point 
in a classical tomogram is actually the 
sum of the rays passing through the cor
responding point of the plane in the 
sharpest focus. Thus the tomographic 
image is formed by a process that is 
mathematically identical with the sum
mation method. Since hospitals have al
ready made a considerable investment 
in tomographic equipment, it may prove 
worthwhile to apply reconstruction 
methods in order to improve the quality 
of classical tomograms. 

For the purpose of obtaining three
dimensional information that is quan
titatively accurate for medical applica
tions there are two major objections to 
employing the summation method for 
the reconstructions. First, the recon
struction is inaccurate because every 
point in the original is blurred in the 
reconstruction by the star shape of the 
pOint-spread function. Second, if we 
take the reconstruction and calculate its 
projections, we find that they are not the 
same as the projections of the original 
picture. In order to overcome both dis
advantages an algebraic method has 
been devised. The method, known as 
ART (Algebraic Reconstruction Tech
nique), is utilized with a digital com
puter. 

How can pictures and their projec
tions be represented in a computer? A 
picture can be stored as a two-dimen
sional array of numbers, each number 
representing the X-ray density of one 
small square in the picture. Such a pic
ture element is called a pixel. A one
dimensional projection of the picture 
can likewise be stored as a one-dimen
sional list of numbers. Just as the dark
ness of each streak in the streak pictures 
represents the density of the original test 
picture along a certain line, so each num
ber on the one-dimensional list in the 
computer represents the total X-ray den
sity of the pixels across a narrow strip of 
the picture. That density is called the 
ray sum. 

The ART Algorithm 

The ART algorithm, or computer pro
gram, is iterative: it begins with an ini
tial estimate for the two-dimensional ar
ray of numbers that represents a recon
structed picture, and then it repeatedly 
modifies the estimate until the density 
values stop changing. One possible ini-

TEST PICTURE 

RECONSTRUCTION BY 
SUMMATION METHOD 

SUMMATION METHOD is a rough technique for reconstructing images from a series of 

projections. Here three projections are made of a simple two·dimensional test picture con· 

taining a single point. Each projection is a one·dimensional distrihution of the density, or 

darkness, across the test picture as it is seen from a specific angle. In the case of this test 

picture the projection looks the same from all directions. The picture can he reconstructed 

from the projections: the density of each point on the reconstructed picture is estimated by 

adding up the densities of all the rays going through that point. The reconstruction of the 

single point is a "star," or spokelike image. The star is the "point.spread function" of the 

reconstruction technique. It approximately demonstrates the nature of summation method. 

tial estimate is an array of zeros-a pic
ture that is a complete blank. 

Let us imagine that we are beginning 
an iteration. We pick one ray, or strip, 
across the estimated picture and calcu
late the corresponding ray sum. Then we 
compare that ray sum with the ray sum 
obtained from the original projected 
X-ray image. The two ray sums will usu
ally differ. We calculate the difference 
and divide it among all the pixels inter
sected by the ray. The modified ray sum 
of, the estimate now matches the ray 
sum of the original. Since the rays of one 
projection cross the rays of another pro
jection, each computation partially un
does the matching of the ray sums by the 
preceding computations. It can never
theless be shown mathematically that if 
under ideal conditions the corrections 
are made over and over again, the 
picture will approach a reconstruction 
whose ray sums are identical with the 
ray sums of the projections from the 
ori ginal 0 bj ect. 

During a given iteration one may en
counter negative values for the pi.xels. 
Since it is physically impossible for an 
X-ray density to be less than zero, we 
can constrain the values of the densities 
available to ART by making all negative 
values equal to zero. Problems arise 
when such constraints are introduced; in 
particular, a picture reconstructed by 
constrained ART is not equivalent to 

the superposition of the point-spread 
functions (the stars) of the individual 
points in the original object. We thus 
lose mathematical elegance, although in 
return we gain precision: cops trained 
ART produces more accurate recon
structions than its unconstrained version. 

There are many other physical con
straints that can be incorporated into 
the computation. For example, we may 
know in advance the range of X-ray den
sities of a specific kind of tissue such as 
bone even though we do not know its 
precise location. In that case we can 
alter the ART program to meet specific 
needs: once the bones are located we 
can constrain their pixel densities so that 
they lie within the known density range 
and proceed with a more accurate com
putation for the distribution of the X-ray 
density in the soft tissues. 

With any instrument operating in the 
real world one cannot measure the ray 
sums exactly. There are always experi
mental errors and fluctuations in the 
number of X-ray photons. These errors 
and fluctuations show up in the data as 
noise. One way of overcoming the diffi
culty is not to insist that each ray sum be 
satisfied precisely but only to require 
that it be satisfied to within a certain 
tolerance. One version of the algebraic 
reconstruction technique, ART3, has 
been designed for this purpose. 

There are many methods in addition 
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COMPLEX PICTURE CAN BE RECONSTRUCTED with a pho

tographic analogue of the summation method devised by B. K. 
Vainshtein of the Institute of Crystallography in Moscow. The pro. 

jection of the picture is made by moving a sheet of film across it as 

the film is exposed to light. The result is a "streak picture," a set 

of parallel lines whose darkness depends on the total density of the 

original picture along each line. A series of such projections can 

be made at various angles. The reconstruction is ohtained by super

posing the streak pictures photographically. Reconstruction at right 

was made with 18 projections spaced at intervals of 10 degrees. 

to the algebraic reconstruction tech
nique for reconstructing images from 
their projections. One, known as the con
volution method, can be derived from 
Radon's original formula. It is essentially 
a modified form of the summation meth
od, and it lends itself to rapid compu-

SETS OF PARALLEL LINES can approxi. 

mate a streak picture. The spacing of the 

lines is made closer for higher densities and 

wider for lower densities. This computer. 

generated set of lines reconstructs the faint 

outline of the letter G. Such a reconstruction 

is a type of moire, or interference, pattern. 
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tation. The reconstructions can also be 
computed optically or on a specially de
signed electronic image tube, thereby 
eliminating the need for a digital com
puter. Another reconstruction method is 
the Fourier method, which involves a 
transformation of the data from the pro
jections into what is known as Fourier 
space. Points in Fourier space for which 
there are no data are estimated by inter
polation. The reconstruction is then ob
tained from the Fourier space by taking 
the inverse Fourier transform. Neither 
the convolution method nor the Fourier 
method, however, readily allows the in
troduction of constraints. 

From Mathematics to Medicine 

How are these mathematical methods 
made into tools for medical diagnosis? 
First, an instrument is needed to collect 
the data from the X-ray projections. 
Such data could in principle be obtained 
from a set of ordinary X-ray images. 
However, making certain that the im
ages are properly aligned and then trans
ferring the data from the films into a 
computer is a major undertaking. For 
this reason a number of special-purpose 

instruments with built-in computers 
have been devised. Most of these instru
ments reconstruct cross-sectional planes 
of the patient by directing parallel 
beams of X rays through his body. 

The simplest way to get parallel X 
rays is to place a collimator made of lead 
in front of the X-ray source. The X-ray 
detector is on the opposite side of the 
patient from the source and the collima
tor. The source, the collimator and the 
collector then scan across the patient in 
a direction perpendicular to the beam of 
X rays. 

The first commercially available 'in
strument for the reconstruction of cross
sectional planes through the human 
body was the EMI scanner, developed 
at the Central Research Laboratories of 
EMI Ltd. in England. The machine, 
largely the work of C. N. Hounsfield, 
has generally been well received and is 
being installed in hospitals around the 
world. The first EMI scanner sold in the 
U.S. went into service at the Mayo Clinic 
in June, 1973. 

The insh'ument is designed primarily 
for scanning the brain. The patient's 
head is held in an elastic hemispherical 
cup. The rim of the cup is attached to 
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one side of a watertight plastic box. The 
box is filled with water, which serves to 
limit the difference between the maxi
mum and minimum X-ray signals re
ceived by the detector. The detector is 
a sodium iodide crystal that scintillates, 
or gives off photons of visible light, when 
it is struck by X-ray photons. The 
amount of light emitted by the crystal is 
measured with a photomultiplier tube, 
which is connected to a small high-speed 
computer. 

An X-ray projection is recorded by 
sampling the output of the detector at 
160 equally spaced positions along a sin
gle scan direction. The 160 ray sums for 
the projection are stored in a magnetic
disk memory by the computer. The en
tire unit is then rotated one degree 
around the patient's head to obtain the 
next projection. After five minutes the 
data have been collected for 180 projec
tions, one for each degree in a semicircle 
around the head. 

When all the projections have been 
completed, the resulting 28,800 ray 
sums (160 times 180) are processed by 
the computer to form a reconstruction of 
a cross section of the patient's head. The 
original EMI scanner used the uncon
strained ART algorithm. The computer 
takes five and a half minutes to calculate 
the reconstruction, which is then dis
played on a cathode-ray tube as a pic
ture consisting of an array of 80 pixels 
on a side. The latest model displays a 
picture 160 pixels on a side and appar
ently uses the convolution algorithm be
cause of its greater computational speed. 

Scanning Economics 

Many other companies and university 
research groups are building scanners, 
both for experimental purposes and for 
sale. Performance and price competition 
among these instruments will be impor
tant for the consumer of medical ser
vices. The prices of scanners currently 
range from $200,000 to $700,000 per 
unit, and a single examination costs the 
patient about $200. 

The newest scanners include an in
strument specialized for breast diagnosis 
and others capable of reconstructing any 
cross section of the body. The current 
engineering emphasis is on speed of 
scanning and reduction of the number 
of moving parts (by the use of many de
tectors in combination with a fan-shaped 
beam of X rays). Commercial companies 
that have announced instruments in
clude American Science and Engineer
ing, Artronix, EMI, General Electric, 
Neuroscan, Ohio-Nuclear, Pfizer and 
Siemens. In many cases development 

MEASURED 
RAY SUMS 

ALGEBRAIC RECONSTRUCTION TECHNIQUE ("ART") has been devised to over
come the inaccuracy of tbe summation method. ART is executed on a digital computer, in 
which a picture is stored as a two·dimensional array of numbers, each number representing 
the X.ray density of one pixel, or small picture element (squares). A one·dimensional pro· 
jection of the picture is stored as a list of numbers, each representing the ray sum, or total 
X.ray density along a ray: a narrow strip of the picture at a certain angle (colored band). 
ART is an iterative method that assigns an initial set of X.ray densities to the two·dimen. 
sional picture it is to reconstruct, calculates the ray sum of each point along a one
dimensional projection of the estimated picture, compares that ray sum with the ray sum 
of the real object stored in the computer, calculates the difference and divides it among all 
tbe pixels intersected by the ray. Modified ray sum then matches the original. Operation is 
repeated for all rays from all projections until a representational picture is reconstructed. 

and testing is partly financed by con
tracts with and grants from the National 
Institutes of Health. 

What the Scanners Reveal 

The success of the scanners and of the 
mathematics on which they are based is 
evident in a comparison of a cross sec
tion of a normal human brain with a 
corresponding cross section reconstruct
ed from X-ray projections [see illustra
tion on page 65]. The ability of the re
construction technique to distinguish be
tween small differences in X-ray density 
can reveal abnormalities too subtle to be 
perceived in a single conventional X-ray 
picture. Formerly it was necessary to in
ject an X-ray-opaque liquid into the 
bloodstream or a bubble of air into the 
ventricular cavities of the brain in order 
to obtain sufficiently high contrast be-

tween certain areas, procedures that 
were difficult, time-consuming and 
sometimes painful to the patient. The 
reconstructions, on the other hand, can 
easily distinguish between normal blood, 
clotted blood, brain tissue, fatty tissue 
and cerebrospinal fluid. The joint use of 
contrast liquids and reconstruction 
methods has proved to be a powerful 
diagnostic tool for speCial cases. 

The noninvasiveness of the reconstruc
tion technique, what its images can re
veal and the absence of any undesirable 
side effects associated with its use make 
it feasible to apply it to the examination 
or screening of patients in order to 
detect tumors and other abnormalities at 
a much earlier stage of development 
than would be possible with more tradi
tional diagnostic methods. The recon
struction technique also provides a much 
more accurate means of evaluating the 
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�MEASUREMENTBCOMPUTATI0N advances from Hewlett-Packard ------

Two more members join HP's 
family of small miracles. 

The secret of all HP's small miracles is in the 

keys, and the array of special functions they 
perform. (Just take a moment to examine the 
keyboards in the photograph.) 

But there is one key common to all. It says 
IENTER], and is both literal and figurative. Literal in 
that you use it to enter data to be computed. 

Figurative in that it opens the door to answers 
you can trust: simply, directly, conveniently. 

Like the rest of the family, these two new hand
held calculators feature HP's advanced design, 
4-register stack, and special logic system. The 
small miracle is that each leads its class in power, 
weighs a mere 6 ounces, and costs less than $200. 

HP-25 Scientific Programmable Calculator. $195 *. 

Pre programmed to solve 72 scientific, engineer
ing, and mathematical functions with keystroke 
ease, the HP-25 has the power you need to solve 
technical problems. 

But that's just the beginning. Its comprehensive 
keystroke programming capability lets you solve 
repetitive and iterative problems-even some 
complicated ones that force you to wait in line for 
computer time-at your desk, in minutes or even 
seconds. The HP-25's programming power in
cludes a 49-step memory; direct and conditional 
branching using as many as 8 relational tests; 
integer/fraction truncation and absolute value 
keys; and a full editing capability that lets you see 
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what your program looks like, step by step, and lets 
you look at intermediate results by means of con
trolled pauses in the program. 

The new HP-25 also has 8 addressable memories, 
each capable of register arithmetic. And it's the 
first hand-held to offer not only fixed and scientific 
but also engineering notation (i.e., exponent dis
played as a multiple of ±3, as in giga and nano). 

HP-22 Business Management Calculator. $165 *. 

Combining the preprogrammed power of three 
present-day calculators, this new model solves vir
tually every number problem that a business man
ager faces. Its easy-to-use keyboard includes: 

• A complete range of financial keys for evaluat
ing time-and-money problems; compound in
terest and internal rate of return; annuity and 
annuity due comparisons; and margins, mark
ups, discounts, and percent differences. 

• Advanced statistical functions including ac
cumulations; mean and standard deviation; 
linear regression and linear estimate; and 
growth curves. 

• A powerful range of mathematical functions 
such as log, antilog, exponentiation, and root 
extraction. 

Both hand-helds come complete with battery pack 
and recharger, soft vinyl carrying pouch, and com
prehensive owner's handbook. In addition, the 
HP-25 includes a 162-page book of applications 
programs concerning mathematics, statistics, fi
nance, surveying, navigation, and games. 
See the HP family of professional hand-helds at 
quality department stores or campus bookstores. 
Call 800-538-7922 (in California, 800-662-9862) for 
the name of the retailer nearest you. 
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Preoperative mammogram (in this case. 
a xeroradiograph) shows a partially cal
cified non palpable breast lesion. The specimen x-ray reveals the calcifications 

shown in the mammogram. confirming that 
the surgeon has indeed excised the proper 
area. In addition. the specimen x-ray identifies 
calcified sites that may not have been visible in 
the mammogram . 

The suspicious region is biopsied and the excised tissue 
radiographed with the Faxitron. Because this small lesion is 
not palpable to the surgeon. immediate x-ray examination of 
the tissue is essential to show whether or not the lesion has 
been removed. 

Specimen x-rays: mandatory 
adjunct to mammography for 
early detection of cancer. 

At the Virginia Mason Clinic in Seattle, an HP 
cabinet x-ray permits fast radiographic analysis 
of excised breast tissue for detection of cancer
indicative microcalcifications. 

Specimen radiography has proved to be a "man
datory adjunct to mammography" according to the 
Virginia Mason Clinic in Seattle. Washington. 
where pathologists have used the procedure for 
seven years in detecting and localizing breast cal
cifications. 

Using a Hewlett-Packard 43805 Faxitron cabinet 
x-ray. pathologists have radiographed more than 
800 breast biopsies since 1968. when the unit was 
donated to the clinic by the Washington State Divi
sion of the American Cancer Society. Specimen 
radiographs from the Faxitron have made possible 
the detection of calcifications within breast lesions 
which are not grossly apparent: calcifications as 
small as 10 to 20 microns can be identified. permit
ting diagnosis at an early. more curable stage. 

Because specimen x-rays can be made quickly dur
ing surgery. while the patient is anesthetized. the 

HEWLETT .:r; PACKARD 

Sales and service from 172 offices in 65 countries 

Faxitron has become important in cases where a 
mammogram indicates a calcification that is not 
clinically palpable. Specimen radiography is 
mandatory in such situations because it is the only 
way the surgeon, operating on a lesion that cannot 
be felt, can verify whether or not the correct area 
has been removed. With the easy-to-operate Faxi
tron available in the pathology lab, pathology per
sonnel can very rapidly take their own high
resolution films without prolonging the surgery. 
Diagnosis can be quick because the specimen 
radiograph enables the pathologist to pinpoint the 
critical areas for histological examination. 

Although primarily used at Virginia Mason Clinic 
for breast biopsies, the Faxitron also lends itself to 
examination and detection of bone lesions and 
vascular lesions of various body organs. 

The 43805N Faxitron is certified by Hewlett
Packard to meet the stringent 1975 safety regula
tions of the Bureau of Radiological Health. Price of 
the unit is $4100 *. 

For more information on these products, write to 
us, Hewlett-Packard, 1505 Page Mill Road, Palo 
Alto, California 94304. 

Mail to: Hewlett-Packard, 1505 Page Mill Road, Palo Alto, CA 94304. 

Please send me further information on 

) HP-25 Scientific Programmable Calculator 

) HP-22 Business Management Calculator 

) !-IP 43805N Faxitran Cabinet X-ray 

Name ________________________________ ___ 

Company ______________________________ ___ 

Address ________________________________ _ 

City _______________ 5tate ___ Zip ________ _ 

·Domestic USA prices only. 00549 
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EMI SCANNER, developed at the Central Research Laboratories of EMI, Ltd., in England, 

was the first commercially availahle instrument for the reconstruction of planes through 
the head. The rectangular apparatus surrounding the subject's head is rotated to make the 
series of X.ray projections. The scanning X.ray source is in the large cylinder at the left. 

DETECTOR 

LINEAR 
TRAVERSE 

SCAN 6 0  

X-RAY 
SOURCE 

WATER BAG 

SCANNER SAMPLES RAY SUMS AT 160 POINTS along each projection; in five and a 
half minutes 180 projections are taken at one.degree intervals around tbe patient's head. 
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patient's condition during and after 
treatment. The total dose of X rays is 
equivalent to or less than the dose re
ceived in conventional radiography, and 
by using improved algorithms to reduce 
the number of projections it may prove 
possible to decrease it. 

With the scanners currently on the 
market it is necessary that the parts of 
the body being examined be held im
mobile. One cannot, however, stop the 
beating of the heart for the purpose of 
examination or have the patient hold his 
breath for five minutes. Under special 
circumstances there is an alternative ap
proach to making pictures of structures 
whose motion is periodic. This approach 
has been taken in experiments with ani
mals at the Mayo Clinic, with only mod
est modifications in the available clinical 
equipment. 

There are two major differences be
tween the geometric arrangement of the 
apparatus in these experiments and that 
in the usual scanner. First, the X rays 
are allowed to diverge in cone-shaped 
beams from a number of stationary 
sources and to pass through the entire 
volume of the tissue being examined, 
rather than being confined to one plane 
by a movable source and a collimator. 
Second, the projection of the tissue is 
not recorded as a one-dimensional array 
of X-ray densities but as a full two
dimensional image, with the aid of a 
medical-X-ray image intensifier coupled 
to a television camera. 

Cross Sections of a Beating Heart 

The first of the experimental recon
structions at the Mayo Clinic were done 
with a preserved isolated heart to com
pare the reconstructed cross section with 
the actual cross section. The heart was 
suspended below a motor and rotated in 
a cone-shaped beam of X rays [see top 
illustration on page 66]. Mter getting 
encouraging results the Mayo group de
Signed an experiment to make full three
dimensional reconstructions of a live, 
isolated beating heart. The walls of the 
right ventricle of a dog's heart were re
moved, leaving only the much more 
muscular left ventricle. A plastiC bag 
contained the heart and tubes for sup
plying the coronary arteries with oxygen
ated blood to keep the heart alive. The 
entire assembly was rotated as the pre
served heart had been. The blood being 
pumped by the ventricle was mixed with 
a contrast liquid to increase its X-ray 
density and circulated independently of 
the blood supplying the coronary arter
ies. The heart rate and rhythm were con-
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trolled by means of attached electrodes. 
The experiment was run completely 

by a computer that controlled the beat
ing of the heart, triggered pulses of X 
rays from the source at the appropriate 
time during each beat, collected and 
stored the data from the X-ray detector 

and rotated the heart for each new pro
jection. A set of between 30 and 50 
projections over 180 degrees 'could be 
obtained in about two minutes. 

The cross sections of the heart were 
subsequently reconstructed by the same 
computer. Each cross section took two 

COMPARISON OF TWO CROSS SECTIONS, one an image of a normal human brain ob
tained by the EMI scanner (top) and the other a photograph of a section of a dissected nor· 
mal human brain (bottom), illustrates the operation of the scanner. The anatomical details 
of the two brains can be readily compared. The reconstructed spot that appears to the left 
of the scanner image corresponds to a plastic rod that is used for calibrating the X.ray densi. 
ties in the image. The scanner image of the head consists of 11,200 (160 X 160) picture ele. 
ments. The image was made in the course of a study by D. F. Reese of the Mayo Clinic. 

Three Books 
from Freeman 

NUMERICAL TAXONOMY 
The Principles and Practice of 

Numerical Classification 

PETER H.A.SNEATH. 

The University of leicester, and 

ROBERT R.SOKAl, TheState 

University of New York atStony Brook 

" ... Remarkably detailed .. .. The book 

thus constitutes a complete history of an 

authentic scientific movement .. . . [It] 

deserves a place in the library of every 

serious student of systematics." 

-W. R. lockhardt, American Society of 

Microbiology News, March 1974 

"Numerical taxonomy has revitalized an 

ancient subject. One of the stuffiest areas 

of biology has become one of the most 

exciting."-Stephen Jay Gould, Science, 

February 2 2,1974 

1973,.573 pp., 81 iIIus., 9 tables, $19.50 

FOOD 
Readings from SCIENTIFIC AMER ICAN 

With I ntrodu-ctions by 

JOHAN E. HOFF and 

JULES JANICK, 

both of Purdue University 

Food is a collection of 28 Scientific 

American articles, providing a basis for 

understanding both the biological and 

social factors involved in nutrition, food 

production, and the world food problem. 

1973,268 pp., 226 iIIus. (104with 

color), cloth $11.0 0, paper $5.50 

ORGANIC CHEMISTRY OF LIFE 
Readings from SCIENTIFIC AMER ICAN 

With I ntroductions by 

MELVIN CALVIN, 

University of California, Berkeley, 

and WilLIAM A. PRYOR, louisiana 

State University, Baton Rouge 

These 47 articles from Scientific Ameri

can present both the principles of bio

chemistry and their applications to an 

exciting range of problems in biology, 

psychology, and medicine. Here are 

articles of general interest on drugs, 

disease, genetics, the senses, and many 

other topics, all conceptually integrated 

with introductions by Professors Calvin 

and Pryor. 

1973,452 pp., 466 illus. 

(297 with color and 12 in full color), 

cloth $12.00, paper $6.95 

I. 
W. H. FREEMAN AND COMPANY 
660 Market St., San Francisco, Ca 94104 
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X-RAY IMAGE 

DOG'S HEART was reconstructed plane by plane by ART3 as it 
was rotated around a single axis and illuminated by a diverging 
conical beam of X rays_ The rendering of the reconstructed image 
at the right corresponds to the section indicated by the colored line 

ISOLATED BEATING LEFT VENTRICLE is shown in cross sec· 
tion at intervals of 1/15th second during a single cardiac cycle. 
(The heart rate was 120 beats per minute.) All the cross sections 
represent the same anatomic section midway between the base and 
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RECONSTRUCTED IMAGE 

COMPUTER 

VIDEO SIGNAL 

on the vertical X-ray image in the center. Essentially the same 
technique was used to make reconstructions of the isolated beating 
left ventricle of a dog's heart (see illustration below). This work 
was done in the laboratory of E. H. Wood of the Mayo Clinic. 

the apex of the ventricle. Images show contraction of the left ven· 
tricular chamber (bright central area) followed by subsequent dila
tion of the chamber as the heart relaxed. The reconstructed images 
were made by R. A. Robb and E. L. Ritman of the Mayo Clinic. 
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minutes of computing time and was dis
played on a cathode-ray tube as a square 
picture with 64 pixels on a side. As a 
result of this work we can now watch 
any cross section of the heart as it 
changes shape during the heartbeat, or 
view all the cross sections together as 
they appear at a given moment. 

With that preparation the three-di
mensional form and dimensions of a 
heart can be measured as a function of 
time, and we can begin to study the 
heart's dynamic properties in both the 
normal and the diseased state. Yen
Ching Pao of the University of Nebraska 
has applied an engineering method of 
computation known as finite-element an
alysis to these data to investigate the dis
tribution of stresses and strains within 
the walls of the heart. Experiments by 
the Mayo group have recently advan,ced 
to the reconstruction of the working 
heart and lungs within an intact living 
animal. It is not possible, of course, to 
place electrodes in the heart of a human 
patient without some risk. Furthermore, 
the spontaneous beating of the heart is 
not always regular, particularly in those 
suffering from heart disease. Therefore 
similar cardiac studies and diagnostic 
procedures with human patients will 
have to await the development of a re
construction device that can record the 
projection data for a stop-action recon
struction in a hundredth of a second at 
a rate of 60 reconstructions per second. 
Such a device might be realized by using 
a large number of X-ray sources and 
detectors arranged in an arc around the 
patient, all operating in rapid succession. 
The instrument would undoubtedly 
prove to be quite expensive, since each 
X-ray source and its associated detector 
system cost tens of thousands of dollars. 
Only in this way, however, could the 
coronary circulation be reconstructed. 

Prospects 

Although reconstruction from projec
tions is able to reveal the internal struc
tures of the body in three dimensions, it 
does not yet yield the fine detail that 
physicians are accustomed to seeing in a 
conventional X-ray picture. There are 
two major reasons for this shortcoming. 
First, for a given dose of X rays there is 
only so much information that can be 
extracted in the form of a reconstruction. 
Second, when the volume within the pa
tient's body is divided into smaller and 
smaller pixels, the computing time in
creases rapidly until it becomes prohibi
tively expensive. 

Two factors may diminish these prob-

High Schoolers: 
Enter your science fair and you may win 
the opportunity for a fascinating career. 

You're smart enough. Else you wouldn't 
be reading this magazine. 

Write us soon. We help you get noticed. 
Ask Eastman Kodak Company, Dept. 841, 
Rochester, N.V. 14650, to send you the 
free package of photographic hints for 
science fair contestants. 

Good use of photography makes the most of a good project 
-even if you have to make your own camera. 

Elizabeth Davis, junior at Commerce (Texas) High School, 
daughter of musicians, did just that. Her project impressed 
the regional judges enough to send her to the 1975 Inter
national Science and Engineering Fair, where we laid further 
honors and a little cash on her for her photography, to say 
nothing of her science. She extracted Eocene pollens from an 
open-pit quarry, and her beautiful side-by-side color photo
micrographs compared them with pollens she collected from 
living plants. No difference in pollens. 
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A new 35mm SLR camera 
is shaking up the whole camera industry. 

Why? 
Because it's smaller, lighter and 

quieter than any other 35mm SLR. 
And yet . . .  

you see more in the viewfinder! 

Writers in photograp h i c  magaz i n e s  
al l  ove r the world we l comed the n e w  
Olympus O M - 1  cam e ra.  Because 
they knew that many photog raph e rs 
were gett i n g  t i red of 3 5 m m  cameras 
that were too h eavy, too big and 
too noi sy. 

O l y m p u s  red uced both the s ize 
and the we i g h t  of a 35mm SLR 
camera by 35%.  A n d  by u s i n g  a 
spec ia l  a i r  d a m pe r, red uced the 
noise leve l co n s i d e rably. 

A l l  t h i s  without sacri f i c i n g  q u a l ity 
and prec i s i o n .  In fact the v i ewfi n d e r  
is 7 0 %  b r i g hter a n d  3 0 %  l arg e r  t h a n  
comparable cameras. 

By red u c i n g s ize a n d  we i g ht 
O l y m p u s  made it possi b l e  for m a n y  

photographers t o  take the i r  cameras 
with them i n stead of leav i n g  them at 
home. And the camera was desi g n ed 
so eve n the cas ual photographer 
cou l d  get con s i ste ntly s u per ior  
p ict u res. B ut i t 's  a lso part of a h ug e  
syste m of ove r 2 0 0  accesso r ies ,  
so as you get more ser ious ,  the O M - 1 
g rows w ith yo u .  

S e e  w h at a l l  the excite m e nt is  
about .  V is i t  yo u r  O ly m p u s  d e a l e r. 
F e e l  the c a m e ra,  look th ro u g h  
t h e  viewfi n d e r, check o u t  t h e  acces
sor ies.  I f  yo u d o n 't th i n k  th i s  is the 
m ost i m portant deve l o p m e n t  i n  
se r i o u s  p hotog raphy i n  m a n y  a year, 
t h e n  the whol e photog rap h i c  
i n d u st ry i s  wro n g ! 

OLYMPUS OM-1 
The experts call it "incredible" 
Marketed exclusively in the U .S .A .  by Ponder  8cil e st, Inc .  
Corporate Offices : 1 630 Stewart Street, Santo Monico, Cal ifornia 90406 
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lems in the future. First, the develop
ment of improved algorithms is an ac
tive area of research and may make it 
possible to extract more structural in
formation from a given dose of X rays. 
Second, the excessive computing time 
may be reduced by advances in com
puter technology: special-purpose com
puters, computers that employ light in
stead of electrons to manipulate infor
mation, and "parallel" computers (which 
are organized to perform many opera
tions simultaneously). New display tech
niques will facilitate the presentation of 
large quantities of three-dimensional in
formation. It may also be possible to 
obtain images of the three-dimensional 
distribution of individual chemical ele
ments by recording the energy of X-ray 
photons before and after they are trans
mitted through the body. 

X rays are not the only means of mak
ing projections of structures within the 
body, Transmitted ultrasound, gamma 
rays from radioactive isotopes either in
side or outside the body, fast subatomic 
particles from accelerators, even mag
netic fields-all can be made to yield 
their own kind of projections of the 
body's internal structure, Some of these 
techniques are capable of discriminating 
between structures with greater sensi
tivity than X rays, For example, with 
magnetic fields it may be possible to re
construct images eliminating everything 
but the blood Howing through the body. 
The mathematical methods are essential
ly identical with those we have de
scribed for X rays. 

There are other physical approaches, 
not based on reconstruction from projec
tions, to getting three-dimensional infor
mation about structures within the body. 
Among them are acoustic holography 
and techniques based on the transmis
sion or reHection (echoes) of ultrasonic 
waves. Each of these methods, including 
reconstruction from projections, yields a 
unique map of the variation in some 
combination of physical properties of the 
tissues within the body. Since those 
properties are themselves functions of 
the body's anatomy and physiology, the 
different kinds of images derived from 
their measurement provide information 
for different kinds of diagnostic task. As 
the number of physical properties mea
sured increases, diagnostic characteriza
tion becomes morl) specific, but such 
specificity is accompanied by increasing 
complexity and cost. Therefore it will 
be necessary to carefully evaluate each 
imaging technique (or combination of 
imaging techniques) for each diagnostic 
purpose. 
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We're introducing scientific performance 
at office product prices. 

I t ' s  a new g ro u p  of e l ectro n i c  
c a l c u l ators that  a l l ow y o u  to d o  
s c i e nt i f i c  c o m p utat i o n s  i n  ad d i t i o n  
to c o n ve n t i o n a l  a r i t h m e t i c  o p e ra
t i o n s .  You c a n  p e rform t h e  most 
advanced math f u n ct i o n s  such as 
a u t o m at i c  S I N ,  C O S ,  TA N ,  S I N - I , 
COS- I , TA N - I , i n  e i t h e r  d e g rees o r  
rad i a n s ;  c o m m o n  a n d  natura l  
LOG , power ra i s i n g  a n d  expo n e n 
t i a l .  S c i e n t i f i c  n otat i o n ,  d o u b l e  
n ested parentheses ,  convers i o n s  
a n d  a c o n ve n i e n t  g rad m o d e  are 
a l s o  ava i l a b l e .  

H a n d - h e l d  m o d e l s  a n d  d e s k - t o p  
v e rs i o n  a re i n c l u d e d  i n  t h e  l i n e .  
A l l o f  w h i c h  h ave been c a ref u l ly 

e n g i n e e re d  w i t h  t h e  h u m a n  e l e 
m e n t  ve ry m u c h  i n  m i n d .  H a n d ,  
eye , m u s c l e  co mfo rt .  Keyboard 
and a n g l e .  Key p o s i t i o n i n g .  D i s 
p l ay i n te n s ity a n d  c l a r i ty .  S h a p e .  
We i g ht .  S o u n d .  Fee l .  

Perhaps t h e  m o st a m az i n g  fact 
about these c a l c u l ators i s  t h e i r  
exc e pt i o n a l l y  reaso n a b l e  p r i c e .  
A n d  i n  t i m e s  l i ke t h e s e ,  i t ' s  m o re 
t h a n  a b a rg a i n  to g et V i ct o r  p e r 
f o r m a n c e  at a l ower  p r i c e .  

N e w  m o d e l s .  N e w  p r i c e s .  A n d  a n  
estab l i s h e d , n at i o n w i d e  n etwo rk 
of over 800 s e rv i c e  c e n te rs . I t ' s  a l l  
p a rt o f  b e i n g  a V i c t o r .  

r - - - - - - - - - - - - - - - - - - - - - -

V ictor Comptometer Corporation 
3900 N o rth  Rockwe l l  Street 
C h i cago ,  I l l i n o i s  606 1 8 

P lease send me f u rt he r  i nformat i on  on the  new 
g ro u p  of  V ictor  sc i ent i f i c  ca lcu l ato rs .  

SA I O? 

N a m e  ____________________________ __ 

C o m p a n y  __________________________ _ 

A d d r e s s  __________________________ _ 

C i ty/ State __________________________ _ 

Z i p  ___________ P h o n e  ______________ _ 

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

RS 
ptometer  Corporat i o n ,  C h icago,  I I I .  6061 B 
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Sequence of photographs showing a 12th or 13th Century 
ceremonial room mural in Anasazi (Pueblo) Indian cliff 
ruin in Canyon del Muerto, Arizona. Photographs ranging 

from 10.4 inches (upper left) to 5 miles (lower right) 
display the find in relation to its surroundings. A ll photo
graphs are reproduced at their actual size. 
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<C P o l a ro id  C o rporat ion 1 97 5  Po laroid ® SX·70'M 

ONE CAMERA: 
10.4 INCHES TO INFINITY. 

S l i p  a n  S X-70 La nd c a mera i n  one  j a c ket 
pocket,  a n d  some fi lm p a c ks i n  a nother, a n d  
you ' re rea dy to document y o u r  fi e l d  t ri p .  

You r fie ld  m a y  be a rcheology, p a l eontology 
or cr iminology. It doesn't  matter .  What m a t
ters i s  the S X-70 's  versa ti l i t y and portabi l i t y . 

Cons ider  these u n i q u e  virtues : 
With a touch of the finger a n d  a glance  

t h rough the spl it- image rangefinder, you c a n  
focus  to g e t  a one-half  l i fe-size i mage of a s u b
j ect lOA inches  from you r  l e n s .  Or a p a nora m i c  
view a t  i n fi n ity.  Or a nything i n  betwe e n .  (You 
ca n even get a life-s ize i m age,  i f  you need i t ,  
by attach ing o u r  o p t i o n a l  close- u p  l e n s . )  

When you ' re working i n  t h e  fi e l d ,  y o u  have 
to concentra t e  on yo u r  su rro u n d i ngs .  So it 's  a 
bless ing to have a camera that  doesn't  com
pete for yo u r  attent ion . With the  SX-70 yo u 
j u st foc u s  on you r  s u bj ect,  fra m e  a n d  p ress  the  
e lectronic  button .  Period . 

There's  no worry that  p a rt of the s u bj ect 
wi l l  be  cut out  of your print .  (Our s i ngle-l e n s  
reflex viewing system del ivers w h a t  y o u  see i n  
the  viewfinder . )  

No p reoccu p a t ion with you r l ight con d i t ions .  
(Our a u toma t ic e lectronic expos u re cont rol sys
tem t a kes  care of that . )  

No need to t ime the d evelopment  of your 
p ri n t s  as they emerge from the  c a m e ra into 
b roa d dayligh t .  A n d  nothing to peel  or t h row 
away. (Ou r film ta kes ca re of a l l  tha t . )  

With the  S X-70, y o u  can t a ke a sequence o f  
u p  to t e n  photogra phs a t  interva l s  a s  short a s  
1 . 5  second s .  

T h e  color va l u e s  o f  those photogra phs  a re 
incredib ly t ru e-to-l i fe .  And our  revolu t ionary 
m et a l l ized dyes wi l l  keep those colors from 
fa d i ng for a n  i n c red ib ly long t i m e .  

F u rthermore, s i n c e  S X-70 p r i n t s  a re v i r
t u a l ly  gra inless ,  you cou l d  photogra p h  a m e d i
eva l cast le  (for exa m p l e) a t  infin ity, a n d  study 
i t s  gat e  h i nges u n d e r  a magnify i ng l e n s  ba c k  
a t  you r desk .  

But  before you leave  to ret u rn  to you r desk ,  
you ' l l  k now that  each of yo u r  photogra phs  
conta i n s  exa ctly what i t ' s  s u p posed to .  B e
cause  the  p ri n t  develops i tse lf  com plete ly i n  
m i n u t e s .  S o ,  i f  the  camera move d ,  or  you want 
to cha nge the  a ngle of a pa rt i c u l a r  shot ,  you 
can reshoot t h e n  and there .  

What wi l l  i t  cost to have an S X-70 on you r  
n ext tr ip ? Wrong q u estion . 

What wi l l  i t  cost to go 
without one ? 

The SX-70 camera from Polaroid. 
Covers the whole field. 

On the spot. 
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SCOUTING CANOE, with a single paddler and two armed warriors 

aboard, is lying just off the coast in this copy of a wall painting 

from the Temple of the Warriors at Chichen Itza. The warriors are 
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carrying Mexican weapons: dart throwers in hand and quivers of 

darts next to their round shields. They may represent the vanguard 

of the Toltecs who rebuilt Chichen Itza during the 10th century. 
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The R�se of a Maya Merchant Class 
The centuries just before the Spanish conquest are usually viewed 

as a time of Maya decline and decadence. A review of the evidence 

suggests instead that new leaders were pursuing new objectives 

by Jeremy A. Sabloff and WilLm L. Rathje 

The eighth century was a turbulent 
period in world history. In the Old 
World the victory of Charles Mar

tel at Tours had halted the Moslem ad
vance in Europe, but the Moslems, hav
ing besieged Constantinople for a second 
time, were still strong enough to keep 
the Mediterranean as their private sea 
and at the same time to crush the Mai
traka dynasty in India and drive the 
T'ang dynasty's frontier guards out of 
Chinese Turkestan. In the New World, 
although no one in the Old World was 
aware of it, a period of economic pros
perity and cultural flowering in what are 
now Mexico and Guatemala was ending 
in disaster. In the highlands of Mexico 
the great urban center at Teotihuacan 
was sacked and burned around A.D. 700; 
in the southern part of the Yucatan low
lands the Classic civilization of the Maya 
collapsed, its magnificent ceremonial 
centers ceased to function and the re
gion was depopulated. The aftermath of 
this New World debacle is our concern 
here. 

Many students of Maya prehistory 
characterize the period between the col
lapse in the southern lowlands and the 
arrival of the Spanish conquistadors as 
an era of slow decline for all the Maya, 
in both the southern and the northern 
lowlands. Few New World writings pre
dating the 16th-century arrival of the 
Spanish have survived, and what has sur
vived is intelligible only in part. Those 
who undertake to reconstruct pre-Co
lumbian events therefore must depend 
largely on archaeological evidence. 

Such evidence can be interpreted in 
more than one way. For example, two 
decades ago Tatiana Proskouriakoff pre
sented a brief account of several seasons' 
work conducted at Mayapan in northern 
Yucatan by the Carnegie Institution of 
vVashington [see "The Death of a Civili-

zation," by Tatiana Proskouriakoff; SCI
ENTIFIC AMERICAN, May, 1955]. A large 
walled city, Mayapan flourished from 
the middle of the 13th century to the 
middle of the 15th. The most neutral of 
scholars' terms for this period in Middle 
America is Late Postclassic; many sim
ply call it "the decadent period." The 
Carnegie workers found that most of the 
high standards of civilization maintained 
by the Maya during the Early and Late 
Classic periods (A.D. 300-800) were vir
tually nonexistent at Mayapan. The im
posing structures carefully built of ma
sonry, the monumental stone sculpture 
adorned with inscriptions, even such a 
comparatively modest skill as the pro
duction of fine polychrome-painted pot
tery-all were conspicuous by their ab
sence. That is why Proskouriakoff titled 
her account "The Death of a Civiliza
tion." 

Recent archaeological investigations 
on the island of Cozumel, off the east 
coast of Yucatan, lead us to a contrary 
interpretation of that period in Maya 
history. Instead of decline and cultural 
stagnation we see a cultural reorienta
tion: a transfer of authority to new 
hands and a consequent pursuit of new 
objectives. Before presenting the evi
dence from Cozumel and offering a re
interpretation of the older evidence it 
will be useful to describe the general 
scene. 

The first major city-state in North 
America arose in the highland Valley of 
Mexico around the time of the beginning 
of the Christian Era. The site of its ruins 
is today called Teotihuacan. Between 
A.D. 250 and 600 the city's numer
ous neighborhoods-some religious, some 
bureaucratic and many industrial-mer
cantile-reached their point of highest 
development. A house count conducted 
by Rene Millon of the University of 

Rochester in the 1960's suggests that at 
the city's apogee no fewer than 75,000 
people lived in it; the number may have 
been as high as 125,000. Among the 
city's workers were craftsmen who pro
duced such valued export goods as pot
tery, obsidian artifacts and various orna
ments made of semiprecious stones. The 
craftsmen formed a key element in an 
economy that carried wares overland 
from Teotihuacan to parts of Mexico and 
Guatemala hundreds of kilometers away. 
If the demands of trade were the same 
then as they were later, the trade ap
paratus brought back to the city an 
abundance of commodities, some exotic 
(such as feathers, aromatic resin and 
cacao beans) and some ordinary (such as 
salt and cotton cloth). 

During the period when Teotihuacan 
enjoyed the benefits of long-range over
land trade a parallel development was 
taking place in the lowlands of Guate
mala and southeastern Mexico [see illus
tration on page 79]. The people involved 
in this southern florescence were the 
Maya. Their history goes back to at least 
the middle of the first millennium B.C., 
but it was not until the Early Classic 
period (A.D. 300-600) that the record of 
their remarkable achievements literally 
began to be hewn in stone. At Tikal, the 
greatest of the Classic Maya cities in the 
southern lowlands, is a stone monument 
bearing a date equivalent to A.D. 292. 

The Maya custom of erecting dated 
. monuments has been a great conve

nience to scholars. It has made possible 
the reconstruction of a fairly exact 
chronological record of Maya activities. 
For example, dates on monuments in 
the southern lowlands indicate that the 
Maya were active there during much the 
same time that the Maya in the northern 
lowlands were building such great cen
ters as Dzibilchaltlm. The monument 
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ECONOMIC ARENA was dominated from the beginning of the Christian Era until the 

Spanish conquest in the 16th century, first by traders from Teotihuacan and then by traders 

from nearby Tollan. Both cities were in the Mexican highlands, and the trade routes were 

overland. When Teotihuacan fell, a group of Maya, the Putun, began trading by sea instead 

of overland. The principal Putun sea route, around Yucatan, is shown on the opposite page. 

dates also provide evidence that the sev
enth century, the traditional time of 
transition from the Early Classic period 
to the Late Classic, was a turning point 
that reflected more than local Maya 
events. 

Unrest was rife in Mexico proper dur
ing much of the seventh century. It was 
at the end of the century that Teotihua
can was burned. The effect of the event 
was widely felt. As the influence of Teo
tihuadm over Middle America faded, 
Maya civilization during the Late Classic 
period (A.D. 600-800) was able to reach 
new heights. Older ceremonial centers 
expanded significantly in size and new 
ones were founded; such hallmarks of 
Classic civilization as ball courts, palaces 
and great temples were erected. A new 
mastery of technique and style was 
achieved both in monumental sculpture 
and in polychrome pottery design. The 
population at the great Maya centers ex
panded rapidly. For example, it is esti
mated that at the beginning of the pe
riod the population of Tikal was between 
30,000 and 50,000. 

These trends brought Maya civiliza-
tion to its highest point but they also 

laid the foundations for its sudden col
lapse. In little more than a century, be
tween A,D, 770 and 890, the ceremonial 
centers were abandoned; not one monu
ment in the southern lowlands bears a 
date later than A.D. 900. The factors re
sponsible for the collapse of Classic 
civilization in the southern lowlands and 
the depopulation of the area are com
plex and do not concern us here. They 
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appear to include an overtaxing of the 
lowland environment and external pres
sures of an economic and military kind. 

At about the time of the Classic Maya 
collapse, however, another city-state in 
the highlands of Mexico began to fill the 
vacuum left by the destruction of Teoti
huacan. Mexican scholars identify the 
city as Tollan (modern Tula), the capital 
of the Toltecs, and tradition dates its 
founding at about A.D. 900. Smaller and 
economically less important than Teoti
huacan, Tollan nevertheless made itself 
feltas a military power. 

The Tollan import-export trade ex
tended to the west, north and south 
of the Valley of Mexico. Concerning 
the trade to the south, archaeological 
analyses of imported pottery unearthed 
at Tollan indicate that overland trade 
routes extended to Costa Rica and Nica
ragua. As far as their nearer neighbors, 
the Maya, were concerned the most 
spectacular evidence of Toltec influence 
is found at Chichen Itza. 

Originally built by the Maya of the 
Late Classic period, Chichen Itza was 
enlarged and rebuilt in Toltec style dur
ing the 10th century. The great center 
probably represents the height of Toltec 
influence on Maya architecture. The in
fluence of the militant emigrants from 
Tollan was not limited to architecture, 
however. By A.D. 1000 the Toltec had 
assumed political sway over much of 
the northern lowlands. The traditional 
interpretation of the Maya archaeologi
cal record accepts that date as the start 
of the period of decline known as the 
Early Postclassic. 

Some 200 years later Tollan was 
burned just as Teotihuacan had been 
half a millennium earlier. By A.D. 1224 
Chichen Itza stood abandoned, and Tol
tee power was extinguished in Yucatan. 
In the traditional interpretation the 
Maya decline of the Early Postclassic 
period deepened at about this time into 
the Maya decay of the Late Postclassic. 

The scene is now set. The actors who 
enter are Maya from the gulf coast low
lands that are today the states of Tabas
co and Campeche. Analyses of postcon
quest documents by such scholars as 
Ralph L. Roys, France V. Scholes and 
J. Eric S. Thompson identify these peo
ple as a group known as the Putun. 
They spoke a dialect unlike the Yucatec 
Maya dialect heard generally through
out Yucatan; it was Chontal Maya, one 
of the dialects of the Cholan Maya 
group. The niche in society that the 
Putun occupied was a new one: the sea
faring merchant. 

The importance of trade among the 
peoples of Middle America is difficult to 
overemphasize. The economic influence 
of Teotihuacan had led to a growing 
secularization of life and the develop
ment of a market economy not only in 
highland Mexico but also elsewhere. At 
the same time an initial emphasis on 
trade in luxury goods had gradually been 
transformed into a demand for the ordi
nary commodities that were obtainable 
from distant sources. The trade itself, 
however, had been almost exclusively 
overland. In an economy that lacked 
both wheeled vehicles and pack animals 
this meant that transport capacity was 
limited to what a trader and his porters, 
hired or slave, could carry on their back. 

W ith the collapse of Teotihuacan's 
political and economic empire at 

the start of the eighth century the 
seafaring Putun found themselves in a 
unique position. No central organiza
tion remained to handle the procure
ment and export of the many kinds of 
raw materials and other goods produced 
in the greater Maya region. For example, 
salt was an important Maya export. It 
was collected from natural salt pans 
along the gulf coast of the Yucatan 
Peninsula and in the northern coastal la
goons. Cacao beans are another example. 
The beverage made from them was the 
Mexicans' gift to the Old World; the 
English word "chocolate" is a corruption 
of the Nahuatl word for the drink. The 
beans served another purpose: they were 
used as currency- throughout Middle 
America. Early Spanish explorers found 
that the cost of a strong slave was 100 
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PUTUN SEA ROUTE connected the gulf coast of Yucatan, close to overland trade routes 

from highland Mexico, with ports in the Gulf of Honduras on the opposite side of the pe. 

ninsula. Cozumel, an island just off the east coast, was an important midway point for the 

maritime merchants who traded in salt, cloth, cacao, jadeite, feathers, obsidian and copper. 
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ISLAND OF COZUMEL, more than 175 square miles in extent, has 34 pre.Columbian sites. 

Sites on the coast probably gave residents of the island early warning of approaching ves· 

sels. Storage platforms high enough to stay dry during seasonal floods were connected to 

coastal shipping points by a system of all·weather causeways. The shrine of the goddess Ix 

Chel, which drew many Maya pilgrims to Cozumel, may have been located at San Gervasio. 

cacao beans. Tabasco, on the border of 
the southern lowlands, was a major 
cacao-producing area. A third article of 
trade was cotton cloth; Maya weavers 
excelled in the production of cotton tex
tiles. A fourth was honey, a major Maya 
export. 

Not only were the Putun in the right 
place at the right time to take over the 
interrupted trade in these products and 
others but also, being seafarers, they 
were able to transport the merchan
dise more effectively than any over
land trader. It was not simply a matter 
of a better means of transportation; the 
Putun planned for convenience and effi
ciency. For example, the Putun potters 
were pioneers in the mass production 
of simple shapes. They specialized in a 
hard, thin-walled ware that archaeolo
gists call Fine Orange. And the pottery 
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was not merely mass-produced; it was 
often shaped so that the finished prod
ucts could be nested for ease of ship
ment [see top illustration on page 82]. 

The long-distance coastwise trade 
route of the Putun eventually extended 
from Tabasco to the Gulf of Honduras, 
with the island of Cozumel acting as an 
entrepot. Little is known of the Putun 
boats, which are described by early Eu
ropean visitors as being log dugouts of 
various sizes. Spanish accounts refer to 
canoes carrying as many as 50 men. Pic
tures of Maya canoes executed by Maya 
artists always show smaller craft. That 
may be because the artists drew canoes 
only big enough to accommodate the 
occupants; the largest number of passen
gers shown is seven. In any event, by the 
time of the first Spanish contacts the 
Putun dialect had become the lingua 

franca of trade throughout the Maya 
area. The merchants' reputation as voy
agers was such that Thompson calls 
them the "Phoenicians of the New 
World." 

The literature of European explora
tion tells of an encounter between a 
Spanish ship and the oceangoing canoe 
of what may well have been a Putun 
trader. The contact occurred during the 
fourth voyage of Columbus, who was 
looking over one of the Bay Islands off 
the coast of Honduras. Late in July, 
1502, his ship came alongside a large 
dugout, eight feet wide and "as \ong as 
a galley." It was being propelled by some 
20 paddlers. The captain, probably the 
trader-owner, is described as an old 
man. Apparently he had taken his family 
along on the voyage: a palm-leaf shel
ter amidships was occupied by women 
and children. Unlike the naked Indians 
of the Caribbean with whom Columbus 
was familiar, the women wore cotton 
garments and hid their faces from Span
ish stares with brightly colored shawls . 
The canoe's cargo included a number 
of these shawls and other cotton cloth
ing, such as dyed sleeveless shirts. There 
were also long wood "swords" edged 
with obsidian or Hint, cast copper bells, 
copper hatchets and crucibles for melt
ing copper. What the Maya voyagers 
valued most, judging by the way they 
searched the canoe bottom for any that 
were spilled, were cacao beans. The 
Spanish took samples of all the Maya 
merchandise and gave the canoeists 
some trinkets in exchange. The two ves
sels then parted, but not before Colum
bus had seized the old captain to serve 
as an interpreter. 

The Putun expansion had begun 
toward the end of the eighth century. It 
was not exclUSively economic; the trad
ers also made their military power felt. 
Their early contacts with highland Mexi
co must have given them an initial stra
tegic advantage over their neighbors. 
Among their arms were various Mexican 
weapons unfamiliar to other Maya at the 
time, notably darts and dart throwers. 
It appears certain that the Putun expan
sion in one direction, along the borders 
of the southern lowlands, was a factor in 
the collapse of Classic Maya civilization 
there. At the same time the expansion in 
the other direction, into and across the 
northern lowlands, contributed to a late 
flowering in that Maya area. 

By the end of the 12th century, as 
Proskouriakoff has shown, many artistic 
aspects of Classic Maya civilization had 
long been in a state of decay. In the tra
ditional interpretation such decay re
flects a generalized social decline. In 

© 1975 SCIENTIFIC AMERICAN, INC



reality, however, the economic life of 
Maya civilization during those centuries 
was becoming increasingly complex and 
vigorous. The assembly and distribution 
of both raw materials and manufactured 
goods were expanding rapidly. For ex
ample, in the manufacture of pottery 
mass-production methods had replaced 
the traditional piecework. At the same 
time the standard of living among the 
non-elite was on the rise; the intricate 
system of long-distance trade gave the 
farm population access to the wide 
variety of new materials the traders 
brought back to Yucatan from other 
areas. Perhaps most important of all, as 
religious authority became decentralized 
the developing market economy proVid
ed something to take its place: a mercan
tile authority. 

In the course of the Putun's trade
oriented political expansion in the north
ern lowlands of the Yucatan Peninsula 
they seem to have been governed by a 
cultural ethic that was new among the 
Maya. What might be called mercantile 
pragmatism, it reflected the ascendancy 
of a merchant class at the expense of the 
old theocracy. In characterizing the so
called decadent period of Maya civiliza
tion most archaeologists have neglected 
to take into account either the rise of 
the new class or the significance of their 
new cultural ethic. Archaeological find
ings on the island of Cozumel provide a 
corrective to this neglect. 

C
ozumel has an area of more than 175 

square miles. Over the years the 
Mexican National Institute of Anthro
pology and History has registered more 
than a score of archaeological sites on 
Cozumel, most of them along the coast 
[see illustration on opposite page]. In
vestigations by such scholars as A. Esca
lona Ramos and William T. Sanders in
dicate that the first Maya inhabitants 
arrived on the island at a time around 
the beginning of the Christian Era. 

Cozumel remained a quiet backwater 
until the beginning of the Terminal 
Classic period, around A.D. 800. There
after the importance of the island grew; 
among other reasons was the fact that it 
was the site of a shrine that was visited 
by pilgrims from all parts of Yucatan. 
Cozumel reached its peak between A.D. 
1300 and 1500, the period of supposed 
Maya decadencll. This record of insular 
rise and preeminence is so closely syn
chronous with the rise of the Putun that 
when early in the 1970's an opportunity 
arose for us to reconnoiter Cozumel, we 
were eager to take advantage of it. Our 
respective institutions (the Peabody Mu
seum of Archaeology and Ethnology at 
Harvard University and the Department 
of Anthropology at the University of 
Arizona) agreed to undertake an expedi
tion, and the National Geographic So
ciety contributed financial support. We 
worked on the island with the authoriza
tion and cooperation of the Mexican Na
tional Institute in 1972 and 1973 as di
rectors of a joint Cozumel project. Our 
objective was to learn how the island 
had been useful to the Putun traders and 
whether or not the archaeological record 
at Cozumel reflected the traders' mer
cantile culture. 

The largest pre-Columbian structures 
on Cozumel are of a kind that would be 
of little interest to students of aesthetics. 
They nonetheless represent a major in
vestment in labor and materials by the 
Putun. The primary importance of Cozu
mel to the traders was its strategic loca
tion as a stopover and as a storage depot. 
The island is low, however, and is sub
ject to flooding during seasonal rains or 
hurricanes. The Putun therefore built 
huge stone platforms, high enough to be 
safely out of the reach of floodwaters, at 
more than half a dozen sites. The plat
forms were constructed of limestone 
rubble. The largest is at Buena Vista; it 
consists of a group of connected plat
forms, averaging five meters in height, 

which cover an area of more than seven 
hectares (17 acres). 

All the platforms on Cozumel appear 
to have been built during the three-cen
tury span of the "decadent" Late Post
classic period. Although the main motive 
for building them must have been to pro
vide a safe storage place during floods, 
it is not the only motive that can be 
imagined. For example, certain Putun 
goods, such as salt, came to market sea
sonally. If such goods are stored by the 
ultimate consumer, there may be a sea
sonal oversupply and a price drop. If 
they are stored by the merchant, using 
large spaces such as the Cozumel plat
forms, the price will remain stable. The 
investment of time and effort in build
ing the platforms would thus have been 
sensible from more than one mercantile 
point of view. 

Another major construction program 
on Cozumel was the building of raised 
stone causeways; these seem to have pro
vided all-weather links between freight
transfer points at the water's edge and 
the storage platforms inland. Like the 
platforms, the causeways were built of 
limestone rubble. They are not easy to 
trace today, except in a few places where 
they still provide dry footing across per
manently swampy areas. 

One large causeway passes through a 
free-standing arch that is now in ruins. 
Both causeway and arch seem to have 
served a purpose other than a mercantile 
one. The arch evidently marked the main 
entrance to a group of ruins now known 
as the San Gervasio zone. This may be 
where the famous pilgrims' shrine stood: 
the temple sacred to the goddess Ix Chel. 
The causeway may therefore have been 
a pilgrims' road to Ix Chel's shrine or to 
some other important religious precinct. 
In the Maya pantheon Ix Chel was the 
consort of Itzamna; she played a rather 
superior Juno to his Jupiter, being not 
only the goddess of the moon but also 
the patroness of weaving, medicine and 

//;jJjJ:�:�) 
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SEVEN·PASSENGER CANOE, the largest represented in Maya 

art, was among several suhjects delicately incised on animal bone 

and buried with other grave goods in a tomb located under Tern· 

pIe I at Tikal. The paddlers and their grotesque passengers are all 

members of the Maya pantheon; the fine drawing, incompletely 

preserved in some parts, is an example of Early Classic craftsman. 

ship. The only descriptions of larger Maya canoes are by European 

observers; the largest log dugonts are said to have carried 50 men. 
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childbirth. Visits to her shrine were fre
quent, perhaps because the only speak
ing oracle in the Maya world was located 
there. 

Even if the San Gervasio causeway 
did not serve commerce directly, the 
Putun might have considered it a good 
investment. Those who came to worship 
on Cozumel could well have remained to 
trade. For that matter, the pilgrim traffic 
alone would have been an important 
source of income for the islanders. 

k unexpected discovery of the Cozu-
mel project was an islandwide sys

tem of walled fields [see illustration be
low J. The walls were evidently built 
during the same three centuries of the 
so-called decadent period. Like the plat
forms and the causeways, they consist of 
limestone rubble. They vary in height 
from half a meter to a meter and a half. 
The walls almost certainly marked the 
boundaries of fields that the island's 
farmers fertilized by burning and then 

planted to maize, beans, squash or other 
crops. Although the fields are somewhat 
irregular in shape, the average area en
closed is 4,000 square meters, or about 
one acre. 

It is possible that the prosperity of 
Cozumel at the height of Putun power 
was accompanied by an increase in pop
ulation sufficient to place island land at 
a premium. If this was the case, the walls 
may have marked property lines as well 
as field boundaries. The effort invested 
in constructing such an enclosure system 
invites the speculation that the walls 
represent a shift by the Putun from the 
traditional Maya pattern of farmland 
held in common to one of farmland held 
as private property. 

The construction of a system of coastal 
defense points was another Putun activ
ity on Cozumel that called for a consid
erable investment of time and labor. 
Fourteen of those structures still stand 
along the leeward and windward shores 
of the island. Spanish accounts of early 

contacts with the Maya describe fires 
being lighted on top of the structures as 
beacons to warn the island's inhabitants 
when raiders were approaching. 

The structures of this early-warning 
network vary in size and in architectural 
style. In addition to their defensive func
tion some may have served as shrines or 
fulfilled other purposes. All, however, 
seem to have been built during the same 
300-year period, and there is evidence 
that at one time the network included at 
least 20 coastal structures. 

Settlements on the Yucatan mainland 
opposite Cozumel during this period 
were fortified. Tulum is a good exam
ple: the cliff on which it stands provided 
protection on the seaward side and wall 
systems guarded the landward approach
es. Cozumel, however, had no natural 
defenses. Moreover, the island's many 
field walls were not high enough to be 
used defensively. The Putun seem to 
have relied mostly on building storage 
areas, residences and administrative and 

BOUNDARY WALLS of the agricultural field system at Cozumel 

appear as faint white traces in this aerial photograph of a newly 

cleared part of the San Gervasio zone in the northern part of the 

island. The islandwide system of field walls suggests the possibility 

that the Putun rulers of Cozumel may have abandoned the tradi. 

tion of communal farmland in favor of private land ownership. 
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religious structures some distance inland 
from the defenseless coast. The interior 
areas were nonetheless linked to certain 
coastal points by the causeway system. 
If an enemy approached, the coast 
watchers could alert the population so 
that inland forces could use the cause
ways to concentrate at the threatened 
pOint on the coast. 

Two other archaeological findings at 
Cozumel help to fill out the picture 

of a pragmatic mercantile people. First, 
the houses built by the traders had im
posing fac;:ades: under the thatch that 
shaded the portico in front of the house 
rose a stone wall, smoothly plastered and 
often decorated with bright paintings. 
The wall was broken by doors that led 
into the dim interior [see illustration on 
next page J. This wall, however, was the 
only masonry construction in the house. 
The inviting doorways led directly into 
a thatch-roofed interior of about the 
same area as the thatched portico, en
closed by three walls made only of poles. 
These masonry false fronts, somewhat 
resembling the set of a Hollywood 
"Western," were built not only on Cozu
mel but also elsewhere in Putun-domi
nated Yucatan. 

The other finding was the discovery 
of several caches of ax blades made from 
the green jadeite the Maya preferred for 
ceremonial objects. When one uncovers 
such a cache at a site of the Classic pe
riod, the workmanship of the jade is to 
be marveled at. In the Late Postclassic 
caches at Cozumel, however, quality is 
minimal. Almost all the ax blades are 
broken or otherwise damaged. One has 
the impression of bargain merchandise: 
seconds and irregulars. 

What conclusions can be drawn from 
this picture of a pragmatic mercantile 
class? We have constructed a model 
based on our interpretation of the Cozu
mel fieldwork and on a reinterpretation 
of findings made elsewhere in Yucatan 
by other investigators. In broad outline 
the model would probably hold true for 
a rising merchant class in many different 
societies, but in its details it is peculiarly 
Maya. Its principal suggestion is that the 
developments of the three so-called dec
adent centuries, traditionally taken as in
dications of social decline, appear quite 
logical and progressive when they are 
regarded from a non-elite viewpoint. In 
other words, one has a very different 
view of Maya civilization looking at it 
from the bottom rather than from the 
top. Consider some of the Cozumel find
ings from that viewpoint. 

The Putun dominance of Yucatan is 
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FALSE.FRONT HOUSE, its investment in masonry construction confined to one wall (a, 
color), is an example of applied Putun pragmatism. All a visitor to the house could see was 

a shady thatched portico (b), backed by a smoothly plastered and brightly painted wall. 

Only prying eyes would discover that the rest of the house was simple pole·and.thatch (c). 
House plan seen here was unearthed at San Gervasio; Mayapan contains similar structures. 
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evidence that the earlier theocratic elite 
had yielded power to a mercantile class. 
Just as other merchants have tried to do 
throughout history, the Putun wanted 
to keep their capital liquid. To spend the 
profits of commerce on high-quality 
grave goods was of no possible use to 
them; less than perfect jade serves the 
dead just as well. By the same token the 
raising of great monuments did little to 
benefit trade; a dry warehouse is more 
useful than a lofty temple. Nevertheless, 
appearances are always important. An 
inexpensive false front, heavily plastered 
to conceal shoddy masonry, made a logi
cal investment. Such a house wall might 
not endure generation after generation, 
but the Putun were not building for 
posterity. 

Some further examples emphasize the 
pragmatism of Cozumel's merchant 
rulers, men whose survival depended on 
quick reactions to changing economic 
and political circumstances. One such 
change came with the collapse of Toltec 
power in the 13th century. When Chi
chen Itza, the paramount Toltec city in 
Yucatan, was suddenly abandoned, the 
entire Yucatecan trading network lost its 
prime central place. To reestablish the 
lost link a new center was founded with
in a few years: Mayapan. A fact strongly 
supporting the view that the new city 
was built to take the place of the old is 
that the earliest buildings at Mayapan 
almost literally reproduce the central 
core of Chichen Itza on a smaller scale. 

Some indications in the archaeological 
literature imply that the founders of 
Mayapan came from Cozumel, with the 
full support of the island's rulers. Such 
an action would have been logical; it 
was certainly in the interests of the 
Putun on Cozumel to stabilize the dis
rupted Yucatan trade network as soon as 
possible. 

An even more drastic change accom
panied the first probing Spanish voyages 
from Cuba to Yucatan: Cordoba's three 
ships in 1517, Grijalva's four in 1518 and 
Cortes' ll-ship fleet in 1519. The main
land Maya ambushed Cordoba's men 
when they landed on the north coast of 
Yucatan and killed many of them when 
they landed on the west coast. Grijalva 
landed twice on Cozumel without in
cident; the islanders Simply retreated 
into the interior when the Spanish ap
proached. Even when Grijalva sent a bi
lingual Jamaican who lived on Cozumel 
to summon the Maya chiefs to a meeting, 
they refused to respond. This passive be
havior contrasts sharply with the hostile 
reaction of the mainland Maya to Grijal
va's landings. 

Cortes and his fleet met with quite a 
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different response on Cozumel, if one is 
to believe the eyewitness account of 
Bernal Diaz. By chance one ship (Diaz 
was aboard) arrived a t the island ahead 
of the rest of the flotilla. As when Gri
jalva landed at Cozumel, the inhabitants 
fled into the in terior. In one deserted 
settlement the Spanish landing party ap
propriated 40 "fowl" (presumably tur
keys) and the contents of a shrine, in
cluding some gold pendants heavily 
alloyed with copper. They also seized 
three Putun stragglers. 

Cortes auived soon afterward and or
dered the release of the prisoners. Re
turning to them all the articles taken 
from the shrine (the fowl had been eat
en) and adding some Spanish trade 
goods as gifts, Cortes asked them to seek 
out their leaders and arrange a meeting. 
The next day the chief official of the set
tlement appeared, followed by the men, 
women and children who had fled. "They 
went about among us," Diaz reported, 
"as if they had been friendly with us all 
their lives." 

Cortes knew that when C6rdoba had 
landed on the west coast of Yucatan in 

1517, the Maya, on seeing the Spaniards, 
had called out "CastiZan." To a good sub
ject of Castile and Le6n this seemed too 
much of a coincidence to be put aside, 
and Cortes asked the Cozumel chiefs if 

they knew of any other Spaniards in the 
area. The chiefs replied that indeed 
two Spaniards were living on the main
land nearby, and that "some traders had 
spoken to them two days before." 

Cortes now asked the traders to take 
letters to his unknown countrymen, to
gether with trade goods in the event that 
they had to be ransomed from the Maya 
who held them. He then sent the traders 
to the mainland in one of his smaller ves
sels. The result was the rescue from 
slavery of Geronimo de Aguilar, who had 
been cast away on the Yucatan coast in 
1511 during a voyage from Panama to 
Santo Domingo. Aguilar, whose Maya 
was by now fluent, promptly joined 
Cortes as an interpreter. (The other 
Spaniard, a shipmate of Aguilar's, elect
ed to remain in Yucatan with his Maya 
wife and their children.) 

Soon thereafter Cortes desecrated 
what appears to have been Ix Chel's 
shrine. The Spaniards had no knowledge 
of the deity's identity, but Diaz states 
that the temple was one that was visited 
by many pilgrims from the mainland. 
Moreover, he actually heard what may 
have been the speaking oracle ("an old 
Indian in a long cloak") deliver what 
Diaz called a "black sermon." Cortes 
also heard the oracle, and after loftily 
telling the island chiefs that no good 
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would come of idolatry, he had his men 
destroy the temple images and ordered 
Maya masons to build a new altar. When 
it was finished, Cortes placed an image 
of the Virgin Mary on it and added a 
timber cross. His actions did not make 
the people of Cozumel take up arms or 

flee. They seemed unperturbed and 
even burned incense before the new 
holy image. 

H ow is one to interpret the difference 
between the hostile Maya of the 

mainland and the neutral Maya on Cozu-

EASE OF TRANSPORTATION dictated the uniformity in diameter and wall slope of these 

shallow Maya basins; their shape let them be stacked for shipment. The basins were found 

on Cozumel. They are probably Putun traders' merchandise brought from northern Yucatan. 

MA Y A GODDESS, Ix Chel, is portrayed carrying two images of the rain god, Chac, in this 

wall painting from a temple at Tulum, a Late Postclassic site on tbe mainland opposite Co. 

zumel. Ix Chel's shrine on Cozumel had the only oracle known in the ancient Maya world. 
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mel? For one thing, as long-range trad
ers the Putun were accustomed to en
countering foreigners. If they believed 
the strangers' intentions were hostile, 
which may have been how they viewed 
Grijalva and the men of Cortes' first ship, 
they did what they could to avoid 
contact. Word would have long since 
reached them through trade channels 
about the slaughter the Spaniards could 
accomplish with their strange and fear
ful weapons. 

Perhaps too the Putun already sensed 
the Spaniards' political and economic 
potential. It is clear that they chose to 
overlook the actions of Cortes at Ix 
Chel's temple. Again, their acknowledg
ment that Spaniards were to be found 
on the mainland and their delivery of 
Cortes' messages were acts of gratuitous 
goodwill. There is evidence, in their fare
well to Cortes, that the pragmatic Putun 
may by then have seen in the Spaniards 
the wave of the future. Before Cortes 
embarked the Putun asked for and re
ceived a "letter of recommendation" that 
they could show to other Spanish voy
agers calling at Cozumel in order to en
sure their future good treatment at Span
ish hands. 

As a final example of Putun pragma
tism, consider the shrine of Ix Chel and 
its oracle. Can it be mere coincidence 
that the only oracular shrine in the Maya 
world was located on Cozumel? Oracles 
are in a far better position to be flexible 
in the endorsement of social and cultural 
change than the conservative priests who 
follow ritual in other kinds of shrine. 
There is even an example of this type of 
flexibility from modern Maya history. 
During the long and bloody "War of the 
Castes" that disrupted Yucatan periodi
cally from 1847 to 1901 the rebellious 
Maya regularly turned for guidance to 
Chan Santa Cruz, a shrine in the fastness 
of Quintana Roo. There the priests spoke 
for the gods through the medium of 
three "talking crosses," dictating the war 
policy of the rebels. 

It is time for a final question. Can a 
period of history that witnesses the rise 
of a merchant class, the development of 
a new ethic and a substantial increase in 
economic complexity (including such 
events as the introduction of mass manu
facture and an improvement in the gen
eral standard of living) be fairly consid
ered the decadent last gasp of a dying 
civilization? Looking from the top down, 
from the viewpoint of an elite, the an
swer is perhaps yes. Looking from the 
bottom up, we think, the answer is clear
ly no. In examining the past one should 
not be limited to any one social point of 
view. 
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Active Animals of the Deep-Sea Floor 

Baited automatic cameras dropped to the bottom of the ocean reveal 
a surprising population of large fishes and other scavengers that 

find and consume dead animals that fall fr01n the waters far above 

by John D. Isaacs and Richard A. Schwartzlose 

P
hotographs made by automatic 
cameras that have been dropped to 
the deep-ocean floor have con

firmed a finding that was first suggested 
by evidence gathered from baited traps 
some years ago. A deep-sea population 
of large, active animals thrives in what 
was generally assumed to be a province 
inhabited mainly by small, feeble crea
tures such as worms, snails and sponges. 
The thousands of pictures make it clear 
that much of the deep-sea floor teems 
with numerous species of scavengers: 
vigorous invertebrates and fishes, includ
ing some gigantic sharks, that are sup
ported by a marine food web whose ex
tent and complexity is only beginning to 
be perceived. 

The celebrated expedition of H.M.S. 
Challenger in the 1870's laid to rest the 
old idea that the deep waters of the 
open ocean were a lifeless desert. The 
Challenger's trawls and dredges brought 
to the surface and to the attention of bi
ologists a vast collection of deep-mid
water and bottom-dwelling creatures 
from even the deepest ocean trenches 
[see "The Voyage of the 'Challenger,' '' 
by Herbert S. Bailey, Jr.; SCIENTIFIC 
AMERICAN, May, 1953]. The inventory 
included some of the most grotesque 
forms into which higher animals have 
ever been molded by adaptation to ex
treme conditions, and several animals 
that had been thought to be long extinct. 

FIFTEEN·FOOT SHARK attacks crushed 

bait can in the color photograph on the op· 

posite page, obtained by the authors from 

a depth of some 750 meters in the eastern 

Mediterranean Sea. Such large fish typical. 

ly arrive at the hait from three to eight 

hours after the camera system reaches bot· 

tom, frightening off most other feeding crea· 

tures. The line (le/t) leads to the camera. 

In this century much has been added 
to that inventory and to our understand
ing of deep-living animals. The investi
gations were conducted, however, by 
means of trawls and dredges, by direct 
observation from deep-diving submers
ible vehicles and by inspection of pho
tographs made by cameras lowered on 
cables from ships, and it is characteristic 
of these methods that they ordinarily 
sample only the stationary or slow-mov
ing animals of the deep-sea communi
ties; the deeper the investigation is, the 
more difficult and the less effective it is. 
That gave rise to the prevalent assump
tion of a few years ago that the ocean 
bottom was sparsely inhabited by weak 
creatures specially adapted to live on 
the only food material then thought to 
be available at great depths: a terminal 
food web supported by the thin but con
stant rain of detritus that sifts down from 
the surface layers and that is metabo
lized by primitive filter feeders or bac
teria and deposit feeders in the bottom 
ooze. A proper reconnaissance of the ac
tive deep-sea creatures whose presence 
was revealed by the baited traps re
quired new tools. 

Over the past seven years Meredith 
Sessions, Richard Shutts and the authors, 
working at the Scripps Institution of 
Oceanography, have designed and con
structed robot motion-picture and still 
cameras and other instruments with 
which to explore the bottom and to study 
the nature, distribution and behavior of 
its inhabitants. We find, first of all, that 
the population of sea-floor invertebrates 
is by no means sparse and that many of 
its species are far from weak. And they 
are not alone. Their domain is shared by 
a population of scavenging fishes and 
crustaceans adapted for the prompt dis
covery and consumption of larger falls 
of food: the bodies of dead animals de-

scending from above, mid-water crea
tures that happen to approach the bot
tom and juveniles of their own species 
that return to the deeps from the shal
lower water where they undergo their 
early development. 

T
he cameras we have devised for the 
ocean-floor study are free-fall devices 

connected to a recovery buoy, a flood
light and a bait holder. Released at the 
surface, the camera falls to the bottom 
and remains there, anchored by the bait 
holder for between 12 and 48 hours, 
making still photographs or short bursts 
of motion pictures at five- to IS-minute 
intervals. The bait is in the foreground 
of each frame and the camera's view is 
either vertical or oblique. At the end of 
the mission the bait ballast is released 
and the camera and its buoy rise to 
the surface, where a radio transmitter 
broadcasts a signal that aids in recovery. 
The free-fall technique allows a research 
ship to conduct various other missions 
while a number of cameras it has dis
tributed keep functioning on the sea 
floor. And the work can be done from 
rather simple, inexpensive vessels, pro
vided only that they have reasonable 
navigation and sonic-sounding equip
ment. 

In a typical drop the camera is re
leased in water that is between 400 and 
7,000 meters deep. Greater depths call 
for a special camera housing and flota
tion gear because of the immense pres
sures. The camera operates during the 
descent, which may take as long as sev
eral hours, but ordinarily not much is 
seen in photographs made on the way 
down except for the "snow" of small par
ticles, which are ubiquitous in the mid
waters of the sea, and a few fleeting 
small crustaceans. 

Sometimes the very first photographs 
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on the bottom, made a few minutes after 
the camera reaches it, show great activ
ity, with fishes and invertebrates already 
tearing at the bait. More commonly, 
however, the first scenes show only brit
tle stars, large shrimps, amphipods (small 
crustaceans) and perhaps a fish or two. 
On more than half of the missions at 
least one fish has been photographed 
wIthin 30 minutes of the camera's arrival 
on the bottom, even at the greater 
depths. (Curiously the first photographs 
sometimes record a fish of a species that 
is not seen again in the sequence, as 
though the camera had invaded the ter
ritory of a creature that was not a part 
of the population of active scavengers 
and wanted nothing to do with the sub
sequent activity.) 

Usually the number of fish gathered 

DEEP·SEA 
CAMERA -

LOCATING BUOY 
- WITH RADIO 

TRANSMITTER 

MAIN FLOAT 

around the bait increases slowly, reach
ing a maximum after a few hours. Often 
the scene develops into one of furious 
activity, with several species of fish com
peting for the bait, thrashing and tear
ing at it and sometimes attacking one an
other. Shrimps, brittle stars, amphipods 
and other invertebrates encroach on the 
melee. In almost half of the sequences 
from drops down to 2,000 meters the 
party ends abruptly after three to eight 
hours, when some creature, usually a 
large shark, moves in, frightens off the 
other fish and consumes the bulk of the 
bait. In any case the time comes when 
most of the bait has been eaten. The fish 
depart, and slowly crabs, sea urchins, 
snails and other such creatures arrive to 
complete the task of sanitizing the sea 
Hoor. 

FREE·F ALL CAMERA is dropped to the ocean bottom, where it is held in position by a 

baited ballast weight and a float made of foamed plastic (left). The camera can be suspend. 

ed above the bait as shown here or can be positioned off to the side. At a preset time a clock 

mechanism cuts the camera system loose from the ballast and the system rises to the surface 

(right). An attached buoy with a flag, a radar target and a radio transmitter marks the site. 
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Sometimes the direction of the near
bottom currents has been determined 
and it can be seen that these latecomers 
to the banquet plod upstream toward 
the bait-an indication that they are 
probably following a scent. The fishes 
also probably depend on scent for close
in detection of the bait; on some occa
sions we could relate the number of fish 
gathered around the bait to the strength 
of the current, which suggests that an 
increased current had carried the scent 
more widely. Like wide-ranging scav
engers on land, however, fish that are 
farther away are probably led to the area 
of the bait by other cues. They may 
sense the successive collapse of loosely 
established territories as the scavengers 
that held them move closer to the bait, 
each invading the area once held by an 
absent neighbor. The western prairie 
wolf, vultures and other terrestrial scav
engers respond to just such a territorial 
collapse to converge on large kills. 

S
urprisingly, we find particularly abun-
dant bottom populations in regions of 

the Pacific where the surface populations 
are the least abundant, and vice versa. 
For example, under the least productive 
surface waters of the North Pacific Gyre, 
on an austere bottom paved with man
ganese nodules nearly 6,000 meters 
down, more than 40 large fish and 
shrimps were attracted by the bait with
in a few hours; at least four species were 
represented. Moderately productive 
areas of the Indian Ocean, the California 
Current system and biologically poor 
areas around the Hawaiian Islands have 
also shown remarkably large numbers of 
deep-sea creatures. On the other hand, 
only 4,000 meters down under the most 
productive oceanic waters of the world, 
in the Antarctic over a bottom of soft or
ganic ooze, the bait was visited by only 
a few eel pouts, brotulids and rattail fish 
(grenadiers), along with some small crus
taceans, the louselike isopods. The brot
ulids (fishes distantly related to cods) 
remained almost motionless for hours, 
nibbling gently at the bait. Camera drops 
along the underwater ridges of the Line 
Islands, a highly productive equatorial 
area of the Pacific, revealed only a few 
eels. Photographs from the bottom be
low the rich Peru Current showed very 
few fish but large numbers of inverte
brates: furious masses of amphipods 
that stripped the bait in a few hours. 

The explanation for such a puzzling 
distribution must lie in the nature of this 
part of the marine food web. These abys
sal roving scavengers must depend for 
their sustenance in substantial part on 
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TWO MOTION-PICTURE SEQUENCES show the frenzied activ

ity that develops around the hait. These pictures were made with 

a 16·millimeter camera dropped to the Pacific floor at a depth of 

1,300 meters some 50 miles off the coast of southern California. In 

sequence at left a variety of fishes attack bait, stirring up the sedi. 

ment on the bottom. In the sequence at the right the bait is entire· 

ly hidden by a mass of hagfish: primitive eyeless and jawless chor. 

dates that drill into the bait and consume it from the inside out. 
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ONE LIKELY SEQUENCE OF EVENTS following the arrival of a 

baited camera system on the ocean floor is shown in the idealized 

drawings on these two pages. The first few photographs made after 

touchdown usually show only brittle stars, shrimps and other small 

crustaceans (a). Within 30 minutes or so the larger fishes begin to 

arrive on the scene (b). The number of fish gathered around the 

falls of large food particles. Such par
ticles include fish and marine mammals 
that have died, fragments of forage from 
surface-feeding schools of fish, vertically 
migrating creatures, garbage from ships 
and (nowadays) animals killed by under
water explosions, ships' propellers and 
whaling. (The North Pacific Gyre photo
graphs were made below an area pa
trolled by a weather ship, and her 
garbage may be partly responsible for 
'the large numbers of animals observed 
there.) Falling food material can sup
port a population of deep scavengers 
only if the food descends to the bottom, 
and it may be that the mid-water popu
lation below highly productive regions 
is sufficiently dense and continuous to 
consume such food on the way down. 
Regions of low productivity, on the other 
hand, may support such sparse and dis
continuous mid-water populations that 
a substantial proportion of dead surface 
creatures do fall all the way to the sea 
Hoor. And there on the Hoor even a 
meager fall can support a sizable popu
lation, whose scavenging can be much 
more intensive than that of fish living 
on the relatively brief passage of falls 
through the immense volume of the mid
waters. 

Somewhat different explanations are 
possible, perhaps in combination with 
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this mid-water-population effect. The 
western north-central Pacific, where so 
many fish were photographed over a 

manganese-nodule bottom, is an area 
through which tuna and other large sur
face fishes and whales and other ceta
ceans periodically migrate. Just as ter
restrial deserts are traps for aged, infirm 
or injured creatures, so may this marine 
desert be a trap. The number of large 
migrants that succumb in traversing its 
unproductive surface waters may be 
sufficient to support the bottom popula
tion. We know nothing of the "natural" 
end of the largest fishes and cetaceans; 
it could well be that these vast areas of 
low productivity inHict the final stress 
on aging and infirm members of the 
populations of great marine creatures, 
exhausting their ultimate reserves. Deep 
below areas of high productivity, on the 
other hand, the principal descending 
food may be rather small particles, suf
ficient to support a sizable and continu
ous population of mid-water creatures as 
well as throngs of small bottom scav
engers that do not need to rove far 
for sustenance. Moreover, in such wa
ters the large near-surface animals have 
plentiful food and are not in such a pre
carious situation as the schools of large 
migrants crossing the great marine des
erts. Areas of high productivity might 

therefore fail to support the larger scav
engers of the deep-sea Hoor; few active, 
roving fish would be searching for large 
food falls such as our bait represents. 

S
ome of the fishes now being observed 
for the first time at great depths at 

low latitudes turn out to be species that 
are well known in near-surface waters at 
high latitudes. The Hatnose codling, the 
sablefish and the arctic sleeper shark 
are common inhabitants of the bottom 
off the coast of southern California and 
Lower California; the sablefish, which is 
found in commercially valuable numbers 
off the coast of Washington, British Co
lumbia and Alaska, is particularly abun
dant on the deep-sea Hoor of the South
ern California Bight thousands of miles 
to the south. On the basis of the inci
dence of this species in a random series 
of pictures made with unbaited cameras, 
we have estimated that there are 800,-
000 tons of sablefish at depths of be
tween 800 and 1,500 meters in the south
ern California waters; they seem to be 
of the same race as the commercially 
harvested variety far to the north. At 
least along the Pacific coast of North 
America, then, some species that are 
generally considered arctic fishes ap
parently represent mere near-surface 
outcroppings of populations that inhabit 
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bait increases slowly, reaching a maximum after a few hours (c). 
After three to eight hours some much larger creature, usually a 

shark, moves in and consumes the hulk of the bait (d). Afterward 

sea urchins and snails accumulate to finish off the scraps. The 

latecomers to the feast appear to sense some kind of territorial 

collapse as successive waves of scavengers converge on large kills. 

the cold, deep waters of continental bor
ders to the south. If that is true of other 
coasts as well, the size and extent of a 
number of fish populations may be dra
matically larger than has been thought. 
The total numbers of large shrimps in 
particular must be immense, since they 
are almost always attracted to the bait at 
all depths and in all regions we have 
sampled. 

In one of our sequences a small brown 
shark appears in the bottom waters of 
the Santa Barbara Basin, which contain 
virtually no dissolved oxygen. We have 
also photographed dead mid-water fish 
on the bottom there. The combination 
suggests another source of food in some 
deep waters. Perhaps anoxic basins serve 
as traps for unsuspecting vertically mi
grating animals that have never en
countered pockets of suffocating water. 
A scavenger adapted for short forays 
into such a basin could find a rich har
vest. Perhaps the brown shark is so 
adapted, able to survive a brief period 
of oxygen deficit. 

Sometimes no fish appear in our pic
tures; the bait is completely consumed 
by vast numbers of invertebrates such as 
shrimps and swarming amphipods. Mo
tion pictures from the Santa Cruz Basin 
off southern California show the am
phipods accumulating until the bait is 

totally covered and the surrounding wa
ter is nearly saturated by a roiling mass 
of these crustaceans. In that sequence 
one sablefish came near the bait but left 
immediately, gaping as if to rid itself 
of amphipods. Is it possible that where 
there are swarms of aggressive inverte
brates such as amphipods, fish are not 
able to compete for the small amount of 
food that reaches the bottom? Amphi
pods can sustain themselves on small 
food particles, but they are also capable 
of quickly and completely devouring the 
much larger pieces that fall to the ocean 
floor. Deep-living octopuses are other in
vertebrates that tend to monopolize the 
bait. In one motion-picture sequence 
made at about 4,000 meters a small oc
topus squats on the bait, keeping the 
grenadiers at tentacle's length, and in 
an unusual sequence made with a still 
camera off Cedros Island in Lower Cali
fornia two octopuses fend off a single 
grenadier from the bait. 

The bait is often taken over aggres
sively and completely by innumerable 
hagfish, primitive eyeless and jawless 
chordates that drill into dead creatures 
and consume them from the inside out 
[see "The Hagfish," by David Jensen; 
SCIENTIFIC AMERICAN, February, 1966]. 
Hagfish thrive at a depth of from 200 
meters to nearly 2,000 meters. At first we 

were puzzled by the reluctance of other 
fishes to penetrate the Gorgon's-head 
tangle of hagfish and feed on the bait. 
Closeup motion pictures gave the an
swer: the hagfish enclose the bait in a 
thick cocoon of slime that other fishes 
apparently find distressing. On a num
ber of occasions fish emerge from the 
feeding mass making frantic efforts to 
clear their gills of slime. The spectacular 
ability of the hagfish to exude slime has 
long been known; the exudation of a 
single hagfish can convert a large con
tainer of water into a slimy gel. Their 
employment of this defense mechanism 
to sequester food, however, had not 
been suggested. 

Some of the scavenging bottom fishes 
display a feeding capability that could 
scarcely be predicted from an examina
tion of their jaw and tooth structure. 
The grenadiers are quite capable of tear
ing out the abdomen of a bait fish; sable
fish shake large baits as terriers do and 
spin furiously to twist off mouthfuls of 
food. 

The large sharks that frequent the 
deep-ocean floor have been photo
graphed to depths of about 2,000 me
ters. Their behavior in approaching the 
bait appears to be mediated in part by a 
sense of smell: the fish execute slow, de
liberate geometrical maneuvers that ap-
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parently combine to establish a complex 
search pattern. On some occasions, when 
the bait holder has been hung somewhat 
above a rough bottom, the sharks are 
quite unable to discover it. Clearly they 
are accustomed only to food resting on 
the sea floor; when they cannot find it, 
they nudge and bite at rocks or other 
sea-floor objects under the bait. Even 
their search for bait that is on the ocean 
floor usually requires more than one 
sortie before the bait is found. Several 
picture sequences end just as the shark 
is in a position to seize the bait, with the 
bait dead ahead within the width of 
the shark's jaws. Yet the next sequence, 
made five minutes later, may show the 
bait untouched and the shark still en
gaged in a slow, deliberate search. Like 
sharks, hagfish are unable to discover the 
bait when it is a meter or so above 
the bottom, whereas eels and grenadiers 
have no difficulty locating bait that is 
well above the bottom. Knowledge of 
such feeding limitations will help in the 

development of better techniques for 
some deep-water fisheries, where the 
depredations of sharks and hagfish 
greatly limit the catch. 

One of the shyest fishes we have 
photographed, and perhaps one of the 
deepest-living, is the brotulid. In a num
ber of photographs from the deepest lo
cations brotulids lurk at the outer edge 
of a group of grenadiers. In one motion
picture series a brotulid hovers like a 
motionless blimp through sequence after 
sequence, facing the feeding grenadiers. 
Unlike most of the deep-water fishes, the 
brotulids have very reduced eyes, and it 
may be that their behavior is related to 
diminished visual acuity. Creatures liv
ing more than several hundred meters 
below the surface are maneuvering in a 
profound darkness that is lighted only by 
the faint glow or brighter brief flashes 
of bioluminescent organisms. Only fishes 
with a highly developed visual system 
can be expected to be guided by visual 
cues. Brotulids may be responding not 

SWIRLING MASS of shrimps and amphipods (deep·sea relatives of sand fleas) completely 

covers the bait and fills the surrounding water in this oblique photograph, made at a depth 

of 7,000 meters in the Peru·Chile Trench. Exhibiting surprisingly aggressive behavior, the 

small crustaceans stripped the bait in a few hours. Curiously no fishes appeared in this 

sequence of pictures, filmed under one of the most highly productive fisheries in the oceans. 

90 

to the presence of the bait but to the 
sound of the feeding fish. 

Many sequences yield fresh insights 
into feeding behavior. A crab gingerly 
lifts some sea urchins off the bait, holds 
them away from its body like a spider 
ejecting a distasteful insect from its web 
and drops them. Sheltered by the empty 
bait holder, a small spiny lobster flails its 
antennae in a strong current, apparently 
grasps a small swimming crustacean be
tween the antennae and conveys it to its 
mouth by some movement too quick for 
us to make out. A grenadier goes after 
small food particles in the sediment with 
a sudden explosive thrust into the bot
tom, throwing a cloud of sediment 
through its gills. 

T
he uniformly large size of most of the 
fish photographed at great depths 

presents something of a puzzle. Very few 
small fish are ever seen. The grenadiers 
photographed at from 750 to 6,000 me
ters in the Pacific, Antarctic and Indian 
oceans are all large, mature fish, some 
measuring more than a meter in length. 
We have so far recovered no free grena
dier eggs or juvenile fish from collec
tions made off California anywhere be
tween the surface and the bottom, al
though females with ripe ovaries have 
been collected near the bottom. All 
the arctic sleeper sharks photographed 
off southern California and Lower Cali
fornia have been very large, but most 
of the photographs have shown only a 

small portion of their total length, which 
we can only estimate as being between 
five and eight meters. They also must be 
quite common, since they have been 
photographed in nearly half of our mis
sions off California down to 2,000 me
ters; on a number of occasions when 
more than one large shark was photo
graphed during a mission, we could tell 
from distinguishing scars and other 
markings that the sharks were different 
individuals. 

It is probable that the juveniles of 
these deep-living fishes inhabit much 
shallower depths than the adults. The 
young of the sablefish, for example, are 
numerous in many places at depths of 
100 meters or so. It may be that the rari
ty of juveniles is merely the result of 
great adult longevity and low fecundity. 
On the other hand, juveniles of many 
species must return to the deep bottom 
environment; indeed, their return may 
constitute a meaningful importation of 
food from the more productive upper 
layers for the nourishment of the total 
adult population. We usually think of 
the relation between juveniles and adult 
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stocks only in terms of replacement. Ju
veniles may also be important as prey; 
indeed, in some freshwater environ
ments the young of a species are a prin
cipal prey of adults of the same species. 
To the degree that this process, which 
has been called Faginism, is important to 
the food economy of the deep-sea popu
lations, we would of course expect to 
observe a paucity of juveniles in the 
populations: most of them are quickly 
consumed by their elders! 

The baited camera suffers from some 
limitations common to many simple ex
ploratory tools. Its sample is highly se
lective. Quantification and even identi
fication can be doubtful. There are sev
eral ways to deal with these problems. 
One can, for example, set out fishlines 
and traps in order to retrieve specimens 
for sure identification. A particularly 
promising means of quantification is an 
unbaited drifting camera that lightens 
itself until it rises just a few meters above 
the bottom. It drifts with the current, 
making overlapping photographs and 
meanwhile recording the direction and 
distance of drift. Such a camera has been 
successfully operated in waters about 
1,000 meters deep. We have plans to 
develop a drifting camera that will 
remain submerged for several months, 
making photographs along a drift track 
as long as 200 kilometers. The drifting 
camera should yield a meaningful census 
of the creatures that have been observed 
by stationary baited cameras and thus 
help us to assess the potential food har
vest from the deep-ocean Hoor and to 
understand the ramifications of this 
remarkable branch of the marine food 
web. 

Meanwhile vast areas await investi
gation with the baited camera. A series 
of photographic "sections" across the 
continental shelves along all the major 
land masses and down the slopes to the 
abyss would fill many gaps in our knowl
edge of bottom-dwelling animals and 
should reveal entirely new fishery re
sources. Among the environments that 
are of special interest to oceanographers 
and marine biologists are the Hoor of the 
Arctic Ocean, the deep delta of the 
Congo River, the Antarctic slope, the 
deeps of the Mediterranean, the top of 
seamounts and mid-ocean ridges and 
the slope and bottom of deep oceanic 
trenches. Since the free-fall cameras can 
be operated from inexpensive, unspe
cialized craft, they are particularly suit
able for studies by investigators in 
underdeveloped countries who want to 
know more about the creatures and the 
potential deep fisheries off their coast. 
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MUSICAL ILLUSIONS 

Presenting certain sequences of tones simultaneously to both ears 

produces paradoxical auditory illusions. Surprisingly, right-handed 

subjects and left-handed subjects perceive the illusions differently 

When we listen to music, we do 
not merely hear a set of inde
pendent tones; we perceive the 

tones as being linked together in com
binations such as melodies and chords. 
One of the central problems in the study 
of the perception of music is how the 
human brain sorts and organizes a com
plex set of tonal stimuli into such combi
nations. When I set out to investigate 
the principles by which we link succes
sive tones into musical sequences, I ob
tained some surprising results, including 
a series of paradoxical auditory and 
musical illusions. Even more surprising, 
right-handed and left-handed subjects 
perceive the auditory illusions in differ
ent ways. 

In these experiments a computer was 
programmed to control two sine-wave 
generators so that the tones could be 
precisely regulated in terms of ampli
tude, duration and frequency. The tech
nique used is known as dichotic presen
tation. The tonal sequences were pre
sented to the listener through earphones 
so that when one ear received one tone, 
the other ear received another tone. 

In the first experiment the listener 
heard a sequence consisting simply of a 
high tone alternating with a low tone. 
The tones were in octave relation and 
their frequencies were 400 and 800 
hertz; on the musical scale these are 
closest to G4 (392 hertz) and Go (784 
hertz). The sequence was presented si
multaneously to both ears at equal am
plitude. The sequence at one ear, how
ever, was out of phase with the sequence 
at the other: when one ear received the 
high tone, the other ear received the low 
tone, and vice versa. 

Although the listener was presented 
with a single, uninterrupted two-tone 
chord, I have found only one individual 
in the 100 or so I have tested who was 
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able to describe the two-tone chord cor
rectly. Most listeners heard only a single 
tone that shifted from one ear to the 
other, and as it shifted, its pitch simul
taneously shifted from the high tone to 
the low one. In other words, the listener 
alternately heard the high tone in one 
ear and the low tone in the other. When 
the earphones were reversed, most peo
ple experienced exactly the same thing: 
the ear that had previously heard the 
high tone still heard it, and the ear that 
had heard the low tone continued to hear 
the low tone. It seemed, however, that 
the earphone that had originally emitted 
the high tones was now emitting the low 
tones and that the earphone that had 
emitted the low tones was now emitting 
the high ones [see top illustration on 
opposite page]. 

Right-handed subjects tended strong
ly to hear the high tone in their right 
ear and the low tone in their left ear and 
to maintain this percept when the ear
phones were reversed. Left-handed sub
jects were just as likely to localize the 
high tone in their left ear as in their 
right. In right-handed people the left 
hemisphere of the brain is dominant, and 
its primary auditory input comes from 
the right ear. In left-handed people ei
ther hemisphere may be dominant. The 
difference in the localization of the tones 
in right-handed and left-handed sub
jects suggests that high tones are per
ceived as coming from the ear that pro
vides the strongest input to the dominant 
hemisphere, and that low tones are per
ceived as coming from the ear that pro
vides the strongest input to the non
dominant hemisphere. 

Although most listeners showed a 
preference for localizing the high tone in 
one ear and the low tone in the other, 
it often happened that after continued 
listening the high and the low tones sud-

denly reversed position. Such reversals 
occurred without warning in the middle 
of a sequence, but they were most likely 
to occur when the sequence was abrupt
ly discontinued and then started afresh. 
Some subjects experienced frequent re
versals. We have here, I believe, a� 
auditory analogue of reversing visual 
figures such as the Necker cube [see 
illustration on page 95]. In both the 
auditory illusion and the visual one the 
percepts alternate spontaneously and 
never occur simultaneously. 

The two-tone illusion presents a para-
dox for theories of pitch perception 

and auditory localization. If we assume 
that the listener attends to one ear and 
ignores the other, then the alternating 
pitches should both seem to be localized 
in the same ear. Alternatively, if we as
sume that the listener attends to each 
ear in turn, the perceived tone should 
not change in pitch as it shifts from ear 
to ear. The fact remains that for most 
people the high tone is heard as though 
in one ear and the low tone as though in 
the other. The paradox is that the low 
tone is localized in an ear that is actually 
receiving a high tone at that moment. 

Some people did perceive the two
tone chord as a single tone that alter
nated from one ear to the other, with 
the pitch either remaining the same or 
changing only slightly. Others reported 
complex percepts, such as two low tones 
alternating from ear to ear together with 
an intermittent high tone in one ear, or a 
sequence in which the pitch relations 
seemed to change gradually over a peri
od of time. Some listeners remarked on 
striking differences between the timbres 
of the tones, for example that the low 
tones sounded like a gong and the high 
tones like a flute. These complex per
cepts tended to be unstable and often 
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TWO-TONE AUDITORY ILLUSION is created when a sequence 
consisting of a high tone (colored squares) alternating with a 

low tone (white squares) is presented so that when one ear re
ceives the high tone, the other ear simultaneously receives the low 
tone, and vice versa_ Each tone was a quarter of a second in dura
tion_ The frequencies were 800 and 400 hertz. The sequence is pre
sented for 20 seconds. Most right.handed subjects hear a high tone 
in the right ear alternating with a low tone in the left ear. The 
surprising thing is that the low tone is localized to the left ear 

while that ear is actually receiving a high tone. When the ear· 
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REPRESENTATION IN MUSICAL NOTATION of the two·tone 
sequence is given at the left. The most common illusory percept is 
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phones are reversed (right), most people continue to hear the high 
tone in the right ear and the low tone in the left ear. To the lis
tener it seems that the earphone that previously emitted the high 
tones was now emitting the low tones and that the earphone that 

had emitted the low tones was now emitting the high tones. Most 
left-handed subjects also hear a high tone in one ear alternating 
with a low tone in the other ear, but the high tone is just as likely 
to be localized in the left ear as in the right. Some listeners hear 
a single tone that alternates from ear to ear-. Others, particularly 
left-handers, report complex percepts consisting of several tones. 

depicted at the right. The closest notes in the musical scale to the 
actual 400· and 800-hertz tones are G4 (392 bertz) and G5 (784 hertz). 
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SUDDEN REVERSAL of the high tone and the low tone occurs for 
some suhjects with prolonged listening to the two-tone sequence_ 

The high tone seems to shift from the right ear to the left, and 
simultaneously the low tone shifts from the left ear to the right. 

changed within a few seconds. Complex 
percepts were reported by a higher pro
portion of left-handed subjects than 
right-handed ones. 

Is the alternating-tone illusion based 
on the absolute pitch levels in the stimu
lus sequence or on the relative pitch 
levels? To find out I selected a group of 
listeners who had consistently localized 
the high tone in the right ear and the 
low tone in the left ear and who showed 
no tendency to reverse the pattern. I 
presented three different sequences of 
tones to these subjects: the first dichotic 
sequence alternated tones of 200 and 
400 hertz; the second, tones of 400 and 
800 hertz, and the third, tones of 800 
and 1,600 hertz. Virtually all the sub
jects reported hearing the higher tone of 
each sequence in the right ear and the 
lower tone in the left ear. The results 
clearly show that the illusion is based on 

STIMULUS A 
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PERCEPT A 
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the pitch relation between the compet
ing tones. 

How can we account for this auditory 
illusion? There is clearly no simple ex
planation, but we may suppose separate 
brain mechanisms exist for determining 
what pitch we hear and for determin
ing where the tone appears to be coming 
from. Indeed, these two mechanisms 
may even be differentiated anatomically. 
Half a century ago the neuroanatomist S. 
Poljak proposed that there is an anatomi
cal separation in the lower levels of the 
auditory system between the mecha
nisms serving discriminatory functions 
and those serving localization functions. 
Recently E. F. Evans and P. G. Nelson 
of the University of Keele in England 
have provided neurophysiological sup
port for this scheme. There seems to be 
a similar separation in the visual system. 
Gerald E. Schneider of the Massachu-

B 
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r r r r r r 
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setts Institute of Technology has found 
that if the part of the brain known 
as the superior colliculus is removed 
from a hamster, the animal can discrimi
nate between patterns but cannot tell 
where an object is. On the other hand, 
if the visual cortex of the brain is re
moved, the hamster shows poor pattern 
discrimination but can easily locate ob
jects in space. 

If we suppose there are two separate 
auditory mechanisms, one for determin
ing the pitch we hear and another for 
determining where the sound is coming 
from, we are in a position to explain the 
illusion. An additional hypothesis that is 
needed is that although under the con
ditions of the illusion only one ear fol
lows the sound for pitch, the perceived 
tone is localized by the brain toward the 
ear receiving the higher tone. Let us take 
the case of a listener who follows the se-
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THREE SETS OF PAIRED TONES were tested to determine 

whether the two-tone illusion is based on absolute pitch levels or 
on the pitch relation between the tones. The subjects were listeners 

who had previously localized tbe 800-hertz tone in the right ear 
and the 400·hertz tone in the left ear. The first set (Stimulus A) 

had tones of 200 and 400 hertz, the second set (B) had tones of 

400 and 800 hertz and the third set (C) had tones of 800 and 1,600 
hertz. In each set one ear received a high tone while the other ear 
simultaneously received a low tone. The results were clear: the 

higher of the two tones was almost always localized in the right 
ear and the lower of the two tones in the left eap,.-'l'his indicates 
the illusion is based on the pitch relation between competing tones. 
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quence of pitches that is delivered to 
his right ear. When the high tone is pre
sented to the right ear and the low tone 
to the left, the. listener should hear a high 
tone in his right ear, since the right ear 
is both determining pitch and receiving 
the higher tone. 

When the low tone is presented to the 
right ear and the high tone to the left, 
the listener should hear a low tone, since 
it is the tone presented to his pitch
determining ear, but the tone should 
seem to be coming from the left ear be
cause the brain localizes the perceived 
tone at the ear that is receiving the high
er tone. The entire sequence should 
therefore be a high tone in the right ear 
alternating with a low tone in the left. It 
is obvious that reversing the position of 
the earphones would not alter the per
ceived sequence. 

In the case of a listener who follows 
the sequence of pitches that is delivered 
to his left ear, the dichotic sequence 
would be perceived as a high tone in 
the left ear alternating with a low tone 
in the right. And the reversals experi
enced by some listeners would be due 
to a change in which ear is following 
pitch. 

In collaboration with P. L. Roll, a 
graduate student in the department of 
psychology at the University of Califor
nia at San Diego, I devised an experi
ment to test that hypothesis. Three con
secutive high tones were presented to 
the listener's right ear and three low 
tones were simultaneously presented to 
the left ear. Then two low tones were 
presented to the right ear and two high 
tones to the left ear, again simultaneous
ly. Listeners heard the pattern 10 times 
without pause and then reversed their 
earphones and listened to it again [see 
lower illustration on next page]. 

The results confirmed the hypothesis. 
The perceived tone, regardless of wheth
er it was high or low, appeared to come 
from the ear that was receiving the high
er frequency. As for the pattern of the 
tones, subjects who were right-handed 
tended significantly to hear the pattern 
delivered to the right ear rather than the 
pattern delivered to the left ear. That is, 
when the right ear received three high 
tones followed by two low tones, the 
listener reported hearing three high 
tones in his right ear followed by two 
low tones that appeared to be coming 
from his left ear. 

When the earphones were reversed, a 
person who always followed pitch with 
the same ear experienced a new illusion. 
The ear that heard three high tones be
fore the reversal of the earphones now 

heard only two high tones, and the ear 
that heard two low tones now heard 
three low tones. Reversal of the ear
phones thus seems to cause one of the 
high tones to disappear and to create an 
additional low tone, even though there 
is absolutely no change in the dichotic 
sequence being presented. 

In another experiment I presented the 
two-tone sequence through loudspeakers 
rather than earphones. The subject stood 
in an anechoic (echo-free) room, equidis
tant between two loudspeakers, one on 
his left and one on his right. When a low 
tone came from the loudspeaker on the 
left, a high tone came simultaneously 
from the loudspeaker on the right, and 
vice versa. The subject heard a set of 
high tones apparently emanating from 
the loudspeaker on the right that alter
nated with a set of low tones from the 
speaker on the left. As the listener turned 
slowly he continued to hear the high 
tones on his right and the low tones on 
his left until he was facing one speaker 
and the other speaker was directly be
hind him. He then heard a single tone of 
constant pitch that seemed to be coming 
from both speakers. If the listener con
tinued to turn in the same direction until 
he had rotated 180 degrees from his 
original position, the speaker that had 
originally seemed to be emitting the 
high tones now seemed to be emitting 
the low tones, and the speaker that had 
been emitting the low tones now seemed 
to be emitting the high tones. 

The illusion also occurs when the 
loudspeakers are placed side by side, 
both facing the listener, and even when 
they are placed at some distance. This 
indicates that the illusion is based not on 
simple competition between the ears but 
rather on competition between different 
regions of perceived auditory space. 

The illusions I have been describing 
are based on two alternating tones. 

What happens if the listener is presented 
with more elaborate musical sequences 
instead? In one experiment I devised a 
dichotic sequence consisting of the C
major scale in its ascending and its de
scending forms. When a note from the 
ascending scale was presented to one 
ear, a note from the descending scale 
was simultaneously presented to the 
other ear, with the successive notes in 
each scale alternating between ears [see 
illustration on page 97]. 

This musical sequence generates an
other set of illusions. About half of the 
right-handed subjects heard the correct 
sequence of pitches but heard them as 
two separate melodies, a higher one and 

REVERSAL OF NECKER CUBE, in which 
the back face periodically becomes the front 
one, is analogous to the sudden reversals ex· 
perienced in listening to tbe two·tone se· 
quence (see upper illustration on opposite 

page). In both this visual illusion and the 
auditory one reversals occur spontaneously. 

a lower one. The two melodies appeared 
to be moving in opposite directions with 
respect to pitch. Moreover, the higher 
tones all seemed to be emanating from 
the right earphone and the lower tones 
from the left earphone. When the ear
phones were reversed, there was no 
change in what was perceived. I should 
add that my own percept is the same. 
The higher tones appear quite unam
biguously to come from the right ear
phone and the lower tones from the left, 
however many times I reverse the ear
phones. 

Other subjects perceived the sequence 
differently. A few reported hearing all 
the higher tones in the left ear and all the 
lower tones in the right ear, regardless of 
how the earphones were positioned. For 
still other subjects, when the earphones 
were reversed, the apparent location of 
the tones was reversed also. Right-hand
ers and left-handers were found to differ 
in terms of these localization patterns. 
Right-handers showed a strong tendency 
to hear the higher tones on the right and 
the lower tones on the left; left-handers, 
however, displayed no such tendency. 
Thus it appears that we tend to refer the 
higher tones to the dominant side of 
auditory space and the lower tones to 
the nondominant side. 

A few listeners perceived the se
quence as being composed of higher and 
lower melodic lines moving in opposite 
directions, but they localized the indi
vidual tones in a variety of unpredictable 
ways. 

Some subjects reported hearing only 
one sequence of four tones that repeti
tively descended and ascended. When 
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they were asked to sing along with the 
sequence, they sang the higher tones and 
not the lower ones. Interestingly enough, 
a third of these listeners correctly identi
fied the switching of individual notes 
between ears. The other two-thirds re
ported a variety of effects, such as hear-

ing the entire sequence in one ear, or 
having the sequence travel from the left 
ear to the right as the tones went from 
high to low and travel back again to the 
left ear as the tones went from low to 
high. 

subjects who had listened to this musical 
sequence, I found that all the listeners, 
regardless of how they perceived it, 
formed perceptual groupings of tones 
based on frequency range. That is, they 
either heard all the tones as two sirmil
taneous nonoverlapping pitch sequences When I analyzed the reports of the 

STIMULUS 

LEFT·EAR P ITCH PERCEPT � i i 
R IGHT-EAR P ITCH P E RC E PT 

i � i 1$ F F r � � � I' � � � � 
� � 1 � F � � 
� i � I r t ! 

I I 

\I 
� R IGHT EAR � LEFT EAR 

\I 

t i i i , ; i i I , F � � rE- R L R L R L r7 I I f 
LOCALIZATI ON PERCEPT 

r r � 
COMBINED PERCEPT 

TWO AUDITORY DECISION MECHANISMS, one for determin. 
ing apparent pitch and the other for determining where the sound 

appears to be coming from, could interact to create the two-tone 

illusion. It is hypothesized that the perceived tone is always 10. 
calized in the ear that is receiving the higher tone but that only 
one ear follows the sound for pitch. If the listener follows the se· 
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TONAL SEQUENCE that presents a different pattern of pitches to 

each ear was devised to investigate the mechanisms determining 
apparent pitch and the localization of sound. The pattern to the 

right ear consisted of three high tones followed by two low tones; 
the pattern to the left ear consisted of three low tones followed by 

two high tones (Stimulus A). The sequence was presented simul· 

taneously to both ears and was repeated 10 times. Most right.hand. 
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COMB I N ED PERCEPT 

quence of pitches delivered to his right ear, the combined opera· 

tion of the two auditory decision mechanisms results in the percept 

of a high tone in the right ear followed by a low tone in the left ear 
(percept at lmcer right). If the listener follows the sequence of 

pitches delivered to his left ear, however, high tone is heard in the 
left ear and low tone is heard in the right ear (percept lower left). 
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ed subjects perceived three high tones in the right ear followed by 
two low tones in the left ear (Percept A). In other words, they 

heard only the pattern presented to the right ear, but each tone was 
localized to the ear receiving the higher frequency. When the ear· 

phones were reversed (Stimulus B), subjects now heard three low 
tones in the left ear and two high tones in the right ear. Again the 
pattern presented to the right ear was the one that was followed. 
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that ascended or descended in opposite 
directions, or they heard the higher tones 
and little or nothing of the lower ones. 
Since most people in our culture are 
much more familiar with the major scale 
than they are with the melodic patterns 
reported by the subjects, it is particu
larly surprising that not one of the sub
jects reported hearing a full ascending 
or descending scale. 

In a further test of the effect I pre
sented the dichotic musical sequence to 
a group of subjects and then had them 
listen to only the ascending-scale com
ponent of the sequence. When the sub
jects were asked if the ascending scale 
had been a part of the total sequence, 
all of them replied that it had not. It ap
pears that the mechanism responsible 
for grouping tonal stimuli by their fre
quency range is so powerful that it can 
mask the perception of a familiar mu
sical scale present in the total sequence. 

An important part of listening to music 
involves the linking of tonal stimuli 

into sequences. When more than one 
tone is presented at a time, the listener 
is forced to decide which successive tone 
to link with which. Knowledge of the 
rules underlying how such linkages are 
made is of critical importance if we are 
to understand the perception of music. 
Half a century ago Max Wertheimer, 
one of the founders of the Gestalt school 
of psychology, proposed several princi
ples of perceptual organization. One of 
them is the principle of proximity, which 
states that nearer elements are grouped 
together in preference to elements that 
are spaced farther apart. Another is the 
principle of good continuation, which 
states that elements that follow each oth
er in a given direction are perceived as 
belonging together. Wertheimer's prin
ciples are easily demonstrated by visual 
examples, and indeed two principles can 
be set in opposition in a single demon
stration. When that is done, one prin
ciple of organization often proves to be 
stronger than the other [see top illustra
tion on page 103]. 

The paradoxical musical sequence is 
another example of conflict between two 
principles of perceptual organization. If 
the principle of good continuation is ap
plied, we should perceive either the full 
ascending scale or the full descending 
one. On the other hand, if the principle 
of proximity is applied, we should group 
the higher tones together and the lower 
tones together. And as we have seen, a 
subject who listens to the paradoxical 
sequence always applies the principle of 
proximity. 

�I) J I ) ) ) ) ) ) ( ( ( ( ( ( ( ( II � 

HIGH TONE 

• LOW TONE 

EXPERIMENTAL ARRANGEMENT for creating an auditory illusion with loudspeakers 

instead of earphones is depicted. The listener stands between two loudspeakers in an echo
free room (a). When one speaker is playing a high tone, the other speaker is simultaneous· 
ly playing a low tone, and vice versa. To the listener, however, it appears that the speaker 
on his right is emitting only high tones (colored arcs) that alternate with low tones (black 

arcs) from the speaker at his left. When the listener turns to face one of the speakers (b), 

he now hears a single tone of constant pitch apparently coming from both speakers. If the 
listener turns again so that he has rotated 180 degrees from his original position, the speak· 
er that originally appeared to be emitting the high tones now appears to be emitting the low 

tones, and the speaker that had emitted low tones now appears to be emitting high tones (0). 

The grouping of tonal stimuli by fre
quency range is often found in tradition
al music. When a solo instrument plays 
a melody and its accompaniment, the 
two elements are generally in different 
frequency ranges; more often than not 
the melody is in the higher range. 

An interesting musical technique used 
by classical composers is the presenta
tion of a sequence of tones in rapid suc
cession, alternating between two fre-

quency ranges, with the result that they 
are heard as two melodic lines [see bot
tom illustration on page 103]. W. J. 
Dowling, who was then at the Univer
sity of California at Los Angeles, has in
vestigated the effect under experimental 
conditions. He presented pairs of well
known melodies so that successive notes 
came from different melodies. When the 
pitch ranges overlapped, recognition of 
the melodies was very difficult. When 
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the two melodies were in different pitch 
ranges, recognition was much easier. 
Dowling interpreted his findings in 
terms of the tendency to group tonal 
stimuli into separate pitch ranges so that 
tones in different ranges do not interfere 
with one another. 

Albert S. Bregman and John Camp
bell of McGill University have inves
tigated another interesting perceptual 
property of very rapid sequences of 
tones that are drawn from two separate 
frequency ranges. Listeners found it dif
ficult to preceive the order of tones in 

a 

b 

J J J 

c 

J J J 

J J 

such sequences, although the problem 
did not arise when the tones were close 
together in pitch. It appears that if the 
rate of presentation is very rapid, we 
cannot form order relations between the 
elements of different tonal streams. 

Why do many listeners, on hearing 
the paradoxical musical sequence I have 
described, localize all the higher tones in 
one ear and all the lower tones in the 
other? Since all the tones are perceived, 
the illusion must have a basis different 
from that of the two-tone-chord illusion. 
The musical illusion is created by tones 

J J 
J J 

J J 1 
J J 

from overlapping pitch ranges. In every
day life similar sounds are likely to ema
nate from the same source and different 
sounds from different sources. Hence the 
best interpretation of the dichotic musi
cal sequence, in terms of the real world, 
is the assumption that sounds in one fre
quency range are emitted from one ear
phone and sounds in the other frequency 
range are emitted from the other ear
phone. The power of unconscious in
ference is so strong that it overrides the 
actual localization cues. 

Unconscious inference as the basis of 

J J J 
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J RIGHT EAR J LEFT EAR 

PARADOXICAL MUSICAL SEQUENCE consists of the C.major 

scale in its ascending and descending forms (a). When a compo· 

nent of the ascending scale is presented to one ear, the matching 
component of the descending scale is presented to the other ear. 

Successive notes in ascending scale (b) and in descending scale (c) 

actually alternate from ear to ear. The most common illusion reo 
ported is two melodies, a higher one and a lower one (d). The high. 
er melody is heard in the right ear and the lower one in the left ear. 

RIGHT EAR 
• • 

P' 
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LEFT EAR 

F • J J 1 
PERCEPTION OF PARADOXICAL SEQUENCE by a right·hand. 

ed subject who was musically sophisticated and had absolute pitch 
is depicted in musical notation (left). When he reversed the ear-
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phones, he wrote: "Same result: high in right ear." A subject who 
had no musical training depicted the illusion in diagram form 
(right). Asked to sing the two melodies, she sang them correctly. 
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You want the ozone question 
So does 

And most scientists agree there 
is time to find the answer. 

Fluorocarbons are liquids 
and gases used in refriger
ation, for air conditioning, and 
as propellants in about half the 
aerosol spray cans sold in this 
country. Some say that these 
useful, normally safe com
pounds will cause a health 
hazard by attacking the earth's 
ozone layer. We believe this is an 
oversimplification. 

The point is, to date there 
is no conclusive evidence to 
prove this statement. To under
stand, then, why there is a 
controversy, it is necessary to 
unsimplify the issue. We must 
treat the real world on its own 
terms, and they are complex. 

The model 
that raised the 
question. 
Ozone is continually 

created and destroyed by nat
ural forces scientists are seek
ing to understand. The ozone 
depletion theory, based on a 
computer model of the 
stratosphere, was reported 
in 1974 by two chemists 
at the University of California. 

This mathematical model 
calculates how fluorocarbons 

in the stratosphere behave 
under the influence of a series 
of variables (such as tempera-

ture, altitude, sunlight, chemi
cal concentration) to affect the 
ozone layer. 

In order to estimate hypo
thetical reactions, and because 
little is actually known about 
the real ones, the modelers 
made a number of assump
tions about the way the upper 
atmosphere behaves. 

The unmeasured 
yardstick. 

Does it describe the real, 
three-dimensional world? To 
find this out, the validity of the 
modeler's basic assumptions 
must be determined. 

Turning assump
tions into facts. 

Before a valuable industry 
is hypothesized out of exis
tence, more facts are needed. 
To get these facts Du Pont and 
the other fluorocarbon 
manufacturers are funding 
independent technological 
investigations in universities 
and research laboratories. 
Under the direction of 
acknowledged scientific 
experts, this research is 
designed to either prove or 
disprove the assumptions 
most important to the com
puter case against fluorocar
bons. 

Some research has been 
carried out since the model 

was first presented. Scientists 
now have a better idea of the 
accuracy of the assumptions 
in the model. 

ASSUMPTION: The 
ozone-depleting reaction with 
chlorine from fluorocarbons 
takes place at a rate that 
demands an immediate deci
sion on fluorocarbon use. 

FACT: Recent determina
tions of reaction rates disclose 
that the ozone/ chlorine reac
tion actually takes place at a 
slower rate than that assumed 
by the model. In addition, the 
same research has shown that 
the reaction of chlorine with 
stratospheric methane pro
ceeds at a faster rate. Since 
this reaction tends to remove 
chlorine from the ozone layer, 
the net effect of both reactions 
is to lessen the originally
calculated impact of fluorocar
bons. In fact, the impact was 
overstated by 300%. 

RESEARCH: To guide 
future measurements of 
stratospheric reactions, a labo
ratory program has been 
funded to measure the reac
tions of chlorine compounds 
and ozone under simulated 
stratospheric conditions. 

Most scientists agree there 
is time to conduct the research 
needed to settle the contro
versy' one way' or the other. .. 
before a final decision is made 
on fluorocarbon production 
and use. 

ASSUMPTION: There is 
no other way' to get fluorocar
bons out of the atmosphere 
except by the ozone-depleting 
reaction. 

FACT: One well-known 
class of chemical reactions not 
considered in the model is that 
of chlorine compounds in the 
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answered one way or the other. 
DuPont. 

atmosphere in heterogeneous 
reactions. 

In an article in SCIENCE 
(Feb. 14, 1975), Professors 
S. C. Wofsy, M. B. McElroy, and 
N. D. Sze of Harvard University 
caution that "If additional 
removal processes could be 
identified ... or if additional 
sinks could be identified for 
stratospheric odd chlorine, the 
atmospheric and biological 
impacts of [fluorocarbons] 
would be reduced accordingly." 

RESEARCH: Atmospheric 
chemistry involving ion mole
cule reactions has been 
described in recent months by 
several investigators. Reaction 
rates with ion molecules are 
known to be extremely fast 
and are believed to occur pri
marily in the lower stratosphere. 

Thus, ion molecules could 
react with fluorocarbons, 
allowing them to be removed 
from the atmosphere. 

ASSUMPTION: fluorocar
bons are the only significant 
source of chlorine available for 
interaction with ozone in the 
stratosphere. 

FACT: Many chlorine-con
taining materials are p-resent in 
the atmosRhere in varying 
concentrations. Of particular 
significance, large amounts of 
methyl chloride and carbon 
tetrachloride have been dis
covered in the troposphere 
and stratosphere. 

In addition, new calcula
tions on the injection of 
gaseous chlorine compounds 
into the stratosphere from vol
canic eruptions have shown 
this as a �gnificant contributor 
of chlorine not taken into 
account by the model. 

RESEARCH: Scientists are 
completing an inventory of 

chlorine-containing com
pounds in the atmosphere. It 
must be determined how 
nature deals with chlorine 
from these natural sources, 
before it can be shown that 
chlorine from fluorocarbons 
might pose a threat to the 
ozone layer. 

Additional 
research. 
A fluorocarbon industry 

research program is funding 
the development of a com
puter model that will better 
reflect the complex chemistry 
of the stratosphere. 

In addition, other studies 
are under way to broaden our 
understanding of the total 
ozone production/ destruction 
balance. These will concern 
themselves with other strato
spheric reactions affecting 
ozone. 

A panel of highly qualified 
academic scientists will advise 
on the technical programs 
covering various facets of the 
problem. This panel of inde
pendent experts will review the 
projects, providing a critical 
opinion on the pertinence of 
each, the probability of their 
success, and the complete
ness of the overall investigation. 

Conclusion. 
Much more experimental 

evidence is needed to evaluate 
the ozone depletion theory. 
Fortunately, as most scientists 

. agree, there is time to gather 
this evidence. Du Pont has 
joined with other fluorocarbon 
manufacturers to provide 
funds for work by independent 
university scientists. Govern
mental agencies are also con-

ducting research to help in the 
assessment of the theory. 

Should the theory be 
proven correct after all the evi
dence is in, Du Pont, as we 
have stated, will stop the man
ufacture and sale of the 
offending compounds. 

In the meantime, we 
believe that to act without the 
facts-whether it be to alarm 
consumers, or to enact restric
tive legislation-is irrespon
sible. Final decisions cannot 
be made with only the infor
mation at hand. 

The independent research 
described above is presently 
being carried out by scientists 
at the following institutions: 
Cambridge University

England 
Environmental Research and 

Technology, Inc. 
Massachusetts Institute of 

Technology 
State University of New York 
The Battelle Memorial Institute 
The University of Reading-

England 
University of California 
University of Denver 
University of lllinois 
University of Maryland 
University of Michigan 
Washington State University 
York University-Canadq 
Xonics, Inc. 

This is the second in a series of dis
cussions by Du Pont to offer a perspec
tive on an important subject. If you would 
like copies of either this or the first dis
cussion. please write to: FREO N� 
Room 24517, Du Pont Company. 
Wilmington, DE 19898. 

'Du Ponfs trademark for fluorocarbon 
refrigerants and aerosol propellants. 

REG. u.s. ""i'[ aTM. off. 
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Offprints are a textbook's 
best friend 

A textbook helps to organize a course; supplementary readings help 

to enrich it. 

A textbook provides the background reading necessary to introduce 

a topic and to present a broad overview of the subject. For many 

students, the text is the only reference they will ever use for a particu· 

lar field of study. Good supplementary reading can go beyond the text 

in giving students a feeling for the intellectual excitement of a topic. 

Some of the best supplementary readings for the sciences are Scientific 
American Offprints. 

Offprints are a constantly growing list of Scientific American articles 

that have been selected for their special educational value. Each Off· 

print explores a given topic from the point of view of an author who is 

actively involved in research on the subject. Students respond to these 

clearly written, beautifully illustrated reports with a fresh enthusiasm 

for their courses and a better grasp of their SUbjects. 

Some of the hundreds of articles available as Offprints: The Tropical 

Rain Forest. Genetic Dissection of Behavior. The Anchovy Crisis. Intel· 

ligence and Race. Duet·Singing Birds. Can Time Go Backward? Toxic 

Substances in Ecological Cycles. How the Immune Response to a Virus 

Can Cause Disease. The Exploration of the Moon. How Children Form 

Mathematical Concepts. Antimatter and Cosmology. The Effects of 

Smoking. The Prospects for a Stationary World Population. Slips of the 

Tongue. Marihuana. Extending the Nuclear Test Ban. The Asymmetry 

of the Human Brain. Plate Tectonics and Mineral Resources. The Social 

Power of the Negro. Sex Differences in the Brain. "Imprinting" in 

Animals. Pleasure Centers in the Brain. Wine. The Visualization of 

Genes in Action. Prostaglandins. 

Why not investigate Offprints for your course? Each costs 30c. 

Write for a free brochure. 

I. w. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 
58 Kings Road, Reading, England RG1 3AA 
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illusions has been well documented in 
visual perception. A familiar example 
is the Ames room, which appears to be 
rectangular when it is viewed monocu
larly from a certain position but actually 
is not rectangular at all. Our percept that 
all rooms are rectangular is so strong 
that objects or people placed in the 
Ames room appear to be larger or small
er than they actually are. Another strik
ing example of unconscious inference in 
visual perception is presented when 
we view a picture of a mold of a human 
face [see illustration on next page]. Even 
though the nose and other features of 
the mold are projecting inward, they al
ways look as though they are projecting 
outward in the usual orientation. The 
illusion holds even when we view the 
actual mold from a distance. 

I n most right-handed people the left 
hemisphere of the brain is dominant 

for speech. Studies have shown that the 
right hemisphere, which often is called 
the non dominant hemisphere, also has 
specialized functions. Studies by neurol
ogists of deficits in music perception re
sulting from brain injury indicate that 
such deficits are more likely to exist 
when there is damage to the dominant 
hemisphere. The evidence for musical 
deficits, however, is much less clear-cut 
than that for speech deficits. It is likely 
that some musical functions are medi
ated by both hemispheres. Further, it 
seems that some musical attributes are 
processed mainly in the dominant hemi
sphere and others in the non dominant 
hemisphere. 

The nondominant hemisphere ap
pears to play a more important role in 
processing the quality of nonverbal 
sounds. People with damage to the non
dominant hemisphere show deficits in 
discriminating complex sounds and tim
bres. Dichotic-listening studies with nor
mal individuals have found that right
handers process complex sounds better 
through the left ear than through the 
right. 

For example, H. W. Gordon, who 
was then at the California Institute of 
Technology, presented pairs of two-tone 
chords generated by an electric organ 
simultaneously, one to each ear. Right
handers showed better recognition of the 
chords they heard in their left ear. Since 
the left ear has stronger connections to 
the right hemisphere, it appears that the 
right, or nondominant, hemisphere has a 
stronger involvement in the recognition 
of complex tones or chords. 

On the other hand, the processing of 
sound sequences appears to take place 
chiefly in the dominant hemisphere. Pa-
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PRINCIPLES OF PERCEPTUAL ORGANIZATION, proposed by Max Wertheimer, are 
demonstrated in these visual examples. The dots that are closer together are perceived as 
pairs (left), illustrating the principle of proximity. Dots that follow each other in a given 

direction are perceived as lines (middle), which demonstrates the principle of good con· 
tinuation. When these two principles are set in opposition (right), one may be dominant. 

Even though the dot at the junction is closer to the vertical row, it is perceived as belong

ing to the oblique row. In this instance the principle of good continuation is the stronger. 
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PRINCIPLE OF PROXIMITY plays an important role in the perception of melody. Two 

excerpts from classical music show how tones from two frequency ranges are grouped into 
separate melodic lines. In Capriccio for Recorder and Basso Continuo (top) by Georg 

Philipp Telemann the sequence creates two separate melodies, each in a different frequency 
range. In Telemann's Sonata in C Major for Recorder and Basso Continuo a repetitive sin
gle pitch in the lower range forms a ground against which the melody is heard (bottom). 
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tients with damage to the dominant hem
isphere show deficits in identifying the 
temporal order of auditory stimuli and 
in processing rhythms. And dichotic lis
tening studies with normal individuals 
have found that right-handers process 
sound sequences better through the right 
ear than through the left. George M. 
Robinson and D. J. Solomon of Duke 
University presented pairs of rhythmi
cally patterned tonal sequences simul

. taneously, one to each ear. Right
handers identified the sequences pre
sented to the right ear better than those 
presented to the left. Y. Halperin, I. 
Nachshon and A. Carmon of the Hadas
sah Musical School in Jerusalem em
ployed dichotic sequences made up of 
tones of different pitches and also found 
better identification of the sequences 

presented to the right ear. These findings 
are in agreement with the results I ob
tained with the two-tone-chord illusion 
in which right-handed listeners tended 
to follow the sequence of pitches deliv
ered to the right ear. 

S ince listening to music involves many 
functions, including the appreciation 

of timbre and the organization of tonal 
sequences, it would appear that both 
cerebral hemispheres play important but 
to some extent complementary roles in 
musical perception. The degree of in
volvement of each hemisphere would of 
course depend on both the type of music 
and the perceptual strategy of the lis
tener. 

It is clear from the studies with au
ditory and musical illusions that there 

are substantial differences among human 
beings in how even the simplest tonal 
sequences are perceived when different 
spatial locations are involved. The mu
sical experience of the listener may well 
play an important role. The finding that 
differences in the perception of tonal se
quences are correlated with handedness, 
however, indicates that variations in au
ditory perception are also very likely to 
result from differences between individ
uals at a basic neurological level. Such 
differences may be responsible for many 
variations in musical taste and apprecia
tion. Indeed, certain controversies in 
musical aesthetics may have as their 
source fundamental differences in the 
nervous system of the listeners rather 
than differing evaluations of a common 
auditory percept. 

HOLLOW MOLD OF A HUMAN FACE is shown in the photo. 

graph at the left. When the hollow mold is viewed from the back, 
the face appears to project outward even though the features of the 
face are actually projecting inward. Because our percept that all 

faces project outward is 60 strong, we unconsciously infer that the 
hollow mold of a face here must be projecting outward. Uncon. 
scious inference may also be the basis of the illusion created by the 

paradoxical musical sequence (see upper illustration on page 98) .  
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Programmability for $79.95 
The new Sinclair Scientific Programmable. 
Sinclair's new S c i e n t i f i c  Prog ram mable is no ordi n ary 

calcu lator.  It has o n l y  19 keys - a n d  a very low p r i ce - b u t  i t s  

problem-so l v i n g  capab i l i t y  f a r  exceeds t hat of any o rd i n ary 

s c i en t i f i c  cal c u l ator_  S i n c l a i r ' s  b i g p l u s  is prog ram mabi l i t y 

t h e abi l i t y  t o  remember a c a l c u l a t i o n  sequence of u p  to 2 4  

steps e n t ered d i rect ly  from the keyboard . O n c e  stored i n  t h e  

program memory ,  a cal c u lat ion seq uence c a n  b e  recal led at 

the t o u c h  of a s i n g l e  key, and appl ied to new n u m bers to 

p rod uce new re s u l t s .  So if you carry out repet i t ive cal c u lat io n s ,  

t h e  Sc i e n t i f i C  Program mable w i l l  save you k e y  st rokes and 

lots of t i me. I t  wi l l  also save you from errors, s i nce t h e  

cal c u l at i o n  seq uence w i l l  be recal led exac t l y  a s  you e n t ered i t ,  
over a n d  over ag a i n .  

Programming E n t e r i n g  a cal c u l a t i o n  sequence i n t o  t h e  p ro
g ram memory c o u l d n ' t  be easier.  Press t h e  B E key to t e l l  t h e  
calcu lator to rem e m be r  a seq uence.  T h e n  k e y  i n  t h e  c a l c u la
tion a l most exact l y  as you normal l y  w o u l d .  Use VAR at t h e  
po i n t s  w here you ' l l  want t h e  program to stop,  so t h at you can 
enter new n u m bers o r  d i s p l ay part ia l  resu l t s .  Du r i n g  e n t ry ,  t h e  
n u m be r  of s t e p s  i s  d i s p l ayed, s o  you w o n ' t  exceed t h e  program 
memory ' s  capac i ty.  When you 've f i n i s h e d ,  press B E ag a i n  to 
t e l l  t h e  c a l c u lator t h at t h e  seq uence is c o m p l ete.  The prog ram ' 
is now avai lable u n t i l  you overwrite it w i t h  another prog ram or 
u n t i l  you s w i t c h  t h e  cal c u l ator  off .  J u st e n t e r  new n u m bers, 
press EXEC, and get new res u l t s .  Of cou rse, t h e  Sc i e n t i f i c  
Prog ram mable c a n  b e  u s e d  a s  a n  ord i nary s c i e n t i f i c  calc u l at o r  
E v e n  hal f-way t h ro u g h  t h e  exec u t i o n  of a p r o g r a m ,  you c a n  
stop,  c a r r y  out a c a l c u l a t i o n  f r o m  t h e  keyboard , t h e n  press 
EXEC to con t i n ue exec u t ion of t h e  program when yo u ' re ready .  

Sinclair Program Library You d o n ' t  h a v e  to be a prog rammer to 

use the S c i en t i f i c  Prog ram mable's  f u l l  problem-so l v i n g  capa

b i l i t y .  Each c a l c u lator comes w i t h  a f u l l y  d o c u m e n t ed l i brary 

of h u n d reds of programs to solve stan dard p ro b l e m s ,  a n d  

c o m p lete' i n st r u c t i o n s  on how to use t h e m .  

Appl icat ions The Sc i e n t i f i c  Prog ram mable has many a p p l i ca

t i o n s  in areas of c o m p u t a t i o n  other t han repet i t ive cal c u l a

t i o n s .  It can be used for t h e  anal y s i s  of exper imental  d ata,  t h e  

eva l u a t i o n  of i n teger f u n c t i o n s ,  a n d  w i t h  a variety of m e t h o d s  

for t h e  i t e rat i ve sol u t i o n  of equat i o n s .  They a r e  dealt  w i t h  i n  

detai l  i n  t h e  i n st r u c t i o n  b o o k  and Program L i brary. A n d ,  

a l t h o u g h  t h e  Sc i e n t i f i c  Prog ram mable i s  no toy,  i t  d o e s  p l ay 

games - a n d  w i n s !  

Display 5 d i g i t  m a n t i ssa, 2 d i g i t  exponent .  N u m ber e n t ry i s  

f l oat i n g  d ec i mal  p o i n t  and/or sc i e n t i f i c  notat i o n ;  res u l t s  i n  

sc ient i f i c  notat i o n .  

Logic Reverse Po l i sh N otat i o n .  

Functions S i n e ,  c o s i n e ,  arctangent  (rad i a n s), l o g ,  a log (base 

1 0), s q uare root ,  rec i p rocal ,  change s i g n ,  c l ear/c lear e n t ry.  

Memory Store, recal l ,  e x c h ange.  

The Scientific Programmable i s  smal l e n o u g h  to h o l d  i n  your 

hand and b i g  e n o u g h  to use on y o u r  desk.  I t  measures 6 "  x 

2-7/8 " x 1 - 1 /4 " ,  h as n o n -s l i p  rubber feet and a b i g  g reen d i s p l ay .  

I t  u ses a s m a l l ,  i n e x pe n s ive 9 v  battery or t h e  S i n c l a i r  AC 

adapter.  

S79.95 i n c l udes battery,  AC adapter,  carry i n g  case, i n st ru c t i o n  

book a n d  t h e  S i n c l a i r  Program Li brary. 

10 Day Trial Offer I f  t h e  Sc i e n t i f i c  Prog ram m a b l e  does n ' t  meel 

your  req u i re m e n t s  ret u r n  i t  to u s  w i t h i n  10 days for a prompt 

ref u n d .  

Warranty The Sc i e n t i f i c  Prog ram mable i s  backed b y  S i n c l a i r ' s  

f u l l  one-year parts and labor warranty .  

Eiinl::lair THE LOGICAL CHOICE. 
S i n c l a i r  R ad i o n i cs I n c . ,  375 P a r k  Ave n u e ,  N ew York, N Y  1 0022 (21 2) 688-6623 r--------------------- ----. 

Please send me __ Scientif ic Prog rammable(s) at $79.95 each 
(NY residents add sales tax ) .  

Enclosed is my check for ___ Pl ease c h a r g e  my cred i t  card account 

Cred it  card ______ Accou n t  # _____ E x p i r es ___ _ 

N ame _______________________ _ 

Signature _____________________ _ 

Address ______________________ _ 

M a i l  to: S i n c l a i r  Radionics I nc .  375 Park Ave n u e ,  New York, NY 1 0022 

L�������� _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � 
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The Debate over the Hydrogen Bomb 

A recently declassified report sheds light on the original U.S. decision 

to develop the "Super." The unanimous opposition of the Oppenheimer 

committee, overruled then, appears now to have been basically correct 

I
n 1948 Czechoslovak Communists 
carried out a coup in the shadow of 
the Red Army and replaced the gov

ernment of that country with one sub
servient to Moscow. Also in 1948 the 
Russians unsuccessfully attempted to 
force the Western allies out of Berlin by 
blockading all land transport routes to 
the city. In early 1949 the Communist 
People's Liberation Army captured Pe
king and soon afterward established the 
People's Republic of China. Taken to
gether, these and similar but less dra
matic events were generally perceived 
in the West as resulting in the creation 
of a monolithic and aggressive alliance 
stretching the full length of the Eurasian 
continent, encompassing almost half of 
the world's people and threatening much 
of the rest. Then in the fall of 1949 
the Russians exploded their first atomic 
bomb and ended the brief American nu
clear monopoly. 

At the end of World War II most 
atomic scientists in the U.S. had esti
mated that the U.S.S.R. would need four 
or five years to make a bomb based on 
the nuclear-fission principle; the time in
terval from the first American test to the 
first Russian one turned out to be four 
years and six weeks. Even so, nearly ev
eryone, including most U. S. Government 
officials and most members of Congress, 
reacted to the event as if it were a great 
surprise. Many of them had either for
gotten or had never known the experts' 
original estimates, and in any case the 
accomplishment simply did not fit the 
almost universal view of the U.S.S.R. as 
a technologically backward nation. 

Besides being a great surprise the 
Russian test explosion was a singularly 
unpleasant one. The U.S. nuclear mo
nopoly had been seen by many as com
pensating for the difference between the 
hordes of conscripts supposedly avail
able to the Communist bloc and the 
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smaller armies available to the Western 
countries. Coming as it did at a time 
when Virtually all Americans saw the 
cold war as rapidly going from bad to 
worse, the Russian test was seen as a 
challenge that demanded a reply. The 
immediate challenge being nuclear, a 
particularly intensive search for an ap
propriate response was conducted by 
those responsible for U.S. nuclear policy. 

Most of the proposed responses 
involved substantial but evolutionary 
changes in the current U.S. nuclear pro
grams: expand the search for additional 
supplies of fissionable 111 a terial, step up 
the production of atomic weapons, adapt 
such weapons to a broader range of de
livery vehicles and end uses, and the 
like. One proposal was radically differ
ent. It called for the fastest possible de
velopment of the hydrogen bomb, which 
was widely referred to at the time as the 
superbomb (or simply the Super). This 
weapon, based on the entirely new and 
as yet untested principle of thermonu
clear fusion, was estimated to have the 
potential of being 1,000 or more times 
as powerful as the fission bombs that had 
marked the end of World War II. Work 
on the theory of the superbomb had al
ready been going on for seven years, but 
it had never had a very high priority, 
and so far it had yielded no practical re
sult. A number of scientists and politi
cians endorsed the proposal, but for 
years Edward Teller had been its lead
ing advocate. The superbomb proposal 
led to a brief, intense and highly secret 
debate. 

The opponents of the proposal argued 
that neither the possession of the 

new bomb nor the initiation of its devel
opment was necessary for maintaining 
the national security of the U. S., and 
that under such circumstances it would 
be morally wrong to initiate the develop-

ment of such an enormously powerful 
and destructive weapon. In essence they 
contended that the world ought to avoid 
the development and stockpiling of the 
superbomb if it was at all possible, and 
that a U.S. decision to forgo it was a nec
essary precondition for persuading oth
ers to do likewise. Furthermore, they 
concluded that the dynamism and rela
tive status of U.S. nuclear technology 
were such that the U.S. could safely lUn 
the risk that the U.S.S.R. might not prac
tice similar restraint and would instead 
initiate a secret program of its own. 

The advocates of the superbomb 
maintained that the successful achieve
ment of such a bomb by the Russians 
was only a matter of time, and so at best 
our forgoing it would amount to a delib
erate decision to become a second-class 
power, and at worst it would be equiva
lent to surrender. They added that un
dertaking the development of the super
bomb was morally no different from de
veloping any other weapon. 

The secret debate about what the 
American response ought to be took 
place within the Government itself. 
Many organizations were involved, in
cluding the National Security Council, 
the Department of Defense, the Depart
ment of State and the Congressional 
Joint Committee on Atomic Energy, but 
the initial focus of the debate lay within 
the Atomic Energy Commission. 

The early official reaction of the AEC's 
Los Alamos Scientific Laboratory to the 
Russian test was a proposal to step up 
the pace of the nuclear-weapons pro
gram in all areas. Among other mea
sures, Norris E. Bradbury, the director, 
recommended that the laboratory go on 
a six-day work week and that they ex
pand the staff, particularly in theoretical 
physics. 

This acceleration was to include not 
only programs for improving fission 
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weapons by conventional means but also 
tests of the booster principle. (In this 
context "booster " refers to a synergistic 
process in which the explosion of a com
paratively large mass of fissionable fuel, 
say plutonium or uranium 235, causes 
a comparatively small mass of thermo
nuclear fuel, say deuterium and trit
ium, to burn violently. The high-energy 
neutrons produced in the thermonuclear 
process then react back on the fission ex
plosion, boosting, or accelerating, it to a 
higher efficiency than would otherwise 
be the case.) The booster concept had 
been known for several years, and even 
before the Russian test it had been 
agreed to include a full-scale experimen
tal test of the process in a 1951 nuclear
test series. The AEC's Director of Mili
tary Application, General James McCor-

mack, Jr., received these proposals from 
the Los Alamos laboratory and sought 
the advice of the AEC's scientific ex
perts on them. Other AEC division 
heads were similarly studying proposals 
for expanding the relevant programs 
within their jurisdiction. 

At the same time Teller, then at Los 
Alamos, Ernest O. Lawrence, Luis W. 
Alvarez and Wendell M. Latimer at the 
University of California at Berkeley, 
Robert LeBaron at the Department 
of Defense, Senator Brien McMahon, 
Chairman of the Joint Committee on 
Atomic Energy, his staff chief William 
L. Borden and Commissioner Lewis L. 
Strauss of the AEC had all come to 
focus on the superbomb as the main 
element of the answer to the Russian 
atomic bomb, and they initiated a con-

certed effort to bring the entire Gov
ernment around to their point of view 
as quickly as possible. 

.N a result of all this concern and ac-
tivity the AEC called for a special 

meeting of its General Advisory Com
mittee to be held as soon as possible. 
This committee was one of the special 
mechanisms established by the Atomic 
Energy Act of 1946 for the purpose of 
managing the postwar development of 
nuclear energy in the U.S. Its function 
was to prOVide the AEC with scientific 
and technical advice concerning its pro
grams. The members of the committee 
were all men who had been scientific or 
technological leaders in major wartime 
projects. J. Robert Oppenheimer, who 
was elected chairman of the committee, 

FIRST SUPERBOMB TEST in which a large thermonuclear, or 

fusion, explosion was successfully ignited by a comparatively small 

fission explosion took place at the Eniwetok Proving Ground in the 

Marshall Islands on November 1, 1952 (local time). The device, 
with the code name Mike, released an amount of energy equivalent 

to that released by the explosion of 10 megatons, or 10 million tons, 

of TNT. As had been predicted five years earlier by the scientist 
members of the General Advisory Committee of the Atomic Ener. 
gy Commission, yield of first superbomb was approximately 1,000 
times larger than the yield of the first atomic, or all.fission, bombs. 
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had been director of the Los Alamos 
laboratory during the period when the 
first atomic bomb had been designed 
and built there. The other members, all 
scientists, were Oliver E. Buckley, James 
B. Conant, Lee A. DuBridge, Enrico 
Fermi, I. I. Rabi, Hartley Rowe, Glenn 
T. Seaborg and Cyril S. Smith. Many of 
the members of this committee and later 
General Advisory committees also served 
on other high-level standing committees 
and some key ad hoc committees, and so 
a rather complex web of interlocking 
advisory-committee memberships devel
oped. As a result several of these men, 
including Oppenheimer, had much inore 
influence than the simple sum of their 
various committee memberships would 
indicate. 

Oppenheimer was not only the formal 
leader of the General Advisory Commit
tee but also, by virtue of his personality 
and background, its natural leader. His 
views were therefore of special impor
tance in setting the tone and determin
ing the content of the committee's re
ports in this matter, as in most other 
matters. 

Throughout Oppenheimer's service on 
the committee he generally supported 
the various programs designed to pro
duce and improve nuclear weapons. At 
the same time he was deeply troubled 
by what he had wrought at Los Alamos, 
and he found the notion of bombs of 
unlimited power particularly repugnant. 
Ever since the end of the war he had de
voted much of his attention to promot
ing the international control of atomic 
energy with the ultimate objective of 
achieving nuclear disarmament. He and 
Rabi had in effect been the originators 
of the plan for nuclear-arms control that 
later became known as the Baruch Plan. 
Oppenheimer's inner feelings about nu
clear weapons were clearly revealed in 
an often quoted remark: "In some sort 
of crude sense which no vulgarity, no 
humor, no overstatement can quite ex
tinguish, the physicists have known sin, 
and this is a knowledge which they can
not lose." 

The call for the special meeting, in 
addition to raising the question of a 
high-priority program to develop the 
Super, also asked the committee to con
sider priorities in the broadest sense, 
including "whether the Commission is 
now doing things' we ought to do to 
serve the paramount objectives of the 
common defense and security." As for 
the Super, the Commission wanted to 
know "whether the nation would use 
such a weapon if it could be built and 
what its military worth would be in re
lation to fission weapons." The meeting 
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of the Oppenheimer committee was 
held on October 29 and 30, 1949; all 
members were present except Seaborg, 
who was in Europe. The committee in 
the course of its deliberations heard from 
many outside experts in various rele
vant fields, including George F, Ken
nan, the noted student of Russian af
fairs, General Omar Bradley, Chairman 
of the Joint Chiefs of Staff, and the 
physicists H. A. Bethe and Robert Ser
ber, Toward the end of the two-day 
meeting the advisers had a long session 
with the Atomic Energy commissioners 
and with their intelligence staff. The 
next day the committee prepared its 
report. 

The General Advisory Committee 
report consisted of three separate 

sections that were unanimously agreed 
on and two addenda giving certain spe
cific minority views. In 1974 the report 
was almost entirely declassified, with 
only a very few purely technical details 
remaining secret. 

Part I of the report dealt with all 
pertinent questions other than those di
rectly involving the Super. The advisory 
committee in effect reacted favorably to 
the proposals of the varIous AEC divi
sion directors with regard to the expan
sion of the facilities for separating ura
nium isotopes, for producing plutonium 
and for increasing the supplies of urani
um ore. These proposals and the com
mittee's endorsement of them were fol
lowed eventually by a substantial in
crease in the ra te of production of fis
sionable materials. 

In Part I the committee also recom
mended the acceleration of research and 
development work on fission bombs, par
ticularly for tactical purposes. Under the 
heading "Tactical Delivery" the report 
stated: "The General Advisory Commit
tee recommends to the Commission an 
intensification of efforts to make atomic 
weapons available for tactical purposes, 
and to give attention to the problem of 
integration of bomb and carrier design 
in this field." 

This quoted paragraph deserves spe
cial emphasis, since it has often been 
suggested that Oppenheimer, Conant 
and some of the others opposed nuclear 
weapons in general. They did apparent
ly find them all repugnant, and they did 
try hard to create an international con
trol organization that would ultimately 
lead to their universal abolition. In the 
absence of any international arms-limi
tation agreements with reliable control 
mechanisms, however, they explicitly 
recognized the need to possess nuclear 
weapons, particularly for tactical and 

defensive purposes, and they regularly 
promoted programs designed to in
crease their variety, flexibility, efficiency 
and numbers. For the next few years, 
right up to the time Oppenheimer's se
curity clearance was removed, he con
tinued strongly to promote the idea of 
an expanded arsenal of tactical nuclear 
weapons. The only type of nuclear weap
on the General Advisory Committee op
posed-and it did so openly-was the 
Super. 

Part I of the report further recom
mended that a project be initiated for 
the purpose of producing "freely ab
sorbable neutrons" to be used for the 
production of uranium 233, tritium and 
other potentially useful nuclear materi
als. Perhaps most important of all in the 
present context, Part I also stated: "We 
strongly favor, subject to favorable out
come of the 1951 Eniwetok tests, the 
booster program." This short phrase 
makes it abundantly clear: that the Op
penheimer committee favored conduct
ing research fundamental to understand
ing the thermonuclear process, and that 
its grave reservations were specifically 
and solely focused on one particular ap
plication of the fusion process. 

Part II discussed the Super. It out
lined what was known about the hydro
gen bomb, and it expanded on the 
unusual difficulties its development pre
sented, but it concluded that the bomb 
could probably be built. In part it said: 
"It is notable that there appears to be 
no experimental approach short of ac
tual test which will substantially add 
to our conviction that a given model will 
or will not work. Thus, we are faced with 
a development which cannot be carried 
to the pOint of conviction without the 
actual construction and demonstration 
of the essential elements of the weapon 
in question. A final pOint that needs to 
be stressed is that many tests may be 
required before a workable model has 
been evolved or before it has been es
tablished beyond reasonable doubt that 
no such model can be evolved. Although 
we are not able to give a specific prob
ability rating for any given model, we 
believe that an imaginative and con
certed attack on the problem has a 
better than even chance of producing 
the weapon within five years." 

That last sentence (the italics are add-
ed) deserves special emphasis. It has 

been suggested in the past that the Gen
eral Advisory Committee in general and 
Oppenheimer in particular were decep
tive in their analysis of the technological 
prospects of the Super; in other words, 
that they deliberately painted a falsely 
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gloomy picture of its possibilities in or
der to reinforce their basically ethical 
opposition to its development. Given the 
technological circumstances then pre
vailing, this statement of the program's 
prospects could hardly have been more 
positive. 

The report then discussed what might 
be called the "strategic economics" of 
the Super as they were then conceived: 
"A second characteristic of the super 
bomb is that once the problem of initia
tion has been solved, there is no limit to 
the explosive power of the bomb itself 
except that imposed by requirements of 
delivery. [In addition there will be] very 
grave contamination problems which 
can easily be made more acute, and may 
possibly be rendered less acute, by sur
rounding the deuterium with uranium or 
other material. . . .  It is clearly impossible 
with the vagueness of design and the un
certainty as to performance as we have 
them at present to give anything like a 
cost estimate of the super. If one uses 
the strict criteria of damage area per dol
lar, it appears uncertain to us whether 
the super will be cheaper or more expen
sive than the fission bombs." 

In Part III the committee members 
got to what to them was the heart of the 
matter, the question of whether or not 
the Super should be developed: "Al
though the members of the Advisory 
Committee are not unanimous in their 
proposals as to what should be done with 
regard to the super bomb, there are cer
tain elements of unanimity among us. 
We all hope that by one means or anoth
er the development of these weapons 
can be avoided. We are all reluctant to 
see the United States take the initiative 
in precipitating this development. We 
are all agreed that it would be wrong at 
the present moment to commit ourselves 
to an all-out effort toward its develop
ment. 

"We are somewhat divided as to the 
nature of the commitment not to devel
op the weapon. The majority feel that 
this should be an unqualified commit
ment. Others feel that it should be made 
conditional on the response of the Soviet 
government to a proposal to renounce 
such development. The Committee rec
ommends that enough be declassified 
about the super bomb so that a public 
statement of policy can be made at this 
time." 

In the two addenda those members of 
the committee who were present (that is, 
all except Seaborg) explained their rea
sons for their proposed "commitment 
not to develop the weapon." The first 
addendum was written by Conant and 
signed by Rowe, Smith, DuBridge, 

Buckley and Oppenheimer. In part it 
said: "We base our recommendation on 
our belief that the extreme dangers to 
mankind inherent in the proposal wholly 
outweigh any military advantage that 
could come from this development. Let 
it be clearly realized that this is a super 
weapon; it is in a totally different cate
gory from an atomic bomb. The reason 
for developing such super bombs would 
be to have the capacity to devastate a 
vast area with a single bomb. Its use 
would involve a decision to slaughter a 
vast number of civilians. We are alarmed 
as to the possible global effects of the 
radioactivity generated by the explosion 
of a few super bombs of conceivable 
magnitude. If super bombs will work at 
all, there is no inherent limit in the de
structive power that may be attained 
with them. Therefore, a super bomb 
might become a weapon of genocide. 

"We believe a super bomb should 
never be produced. Mankind would be 
far better off not to have a demonstra
tion of the feasibility of such a weapon 
until the present climate of world opirt
ion changes. 

"In determining not to proceed to de
velop the super bomb, we see a unique 
opportunity of providing by example 
some limitations on the totality of war 
and thus of limiting the fear and arous
ing the hopes of mankind." 

C
ontrary to a frequently suggested no-

tion, the members of the Oppen
heimer committee were not at all 
unmindful of the possibility that the 
U.S.S.R. might develop the Super no 
matter what the U.S. did. Indeed, they 
regarded it as entirely possible and ex
plained why it would not be crucial: "To 
the argument that the Russians may suc
ceed in developing this weapon, we 
would reply that our undertaking it will 
not prove a deterrent to them. Should 
they use the weapon against us, repri
sals by our large stock of atomic bombs 
would be comparably effective to the 
use of a 'Super: " 

The minority addendum, signed by 
Fermi and Rabi, expressed even strong
er opposition to the Super but loosely 
coupled an American renunciation with 
a proposal for a worldwide pledge not to 
proceed: "It is clear that the use of such 
a weapon cannot be justified on any 
ethical ground which gives a human be
ing a certain individuality and dignity 
even if he happens to be a resident of an 
enemy country. 

"The fact that no limits exist to the 
destructiveness of this weapon makes 
its very existence and the knowledge of 
its construction a danger to humanity as 

a whole. It is necessaroily an evil thing 
considered in any light. 

"For these reasons we believe it im
portant for the President of the U nitell 
States to tell the American public, and 
the world, that we think it wrong on 
fundamental ethical principles to initiate 
a program of development of such a 
weapon. At the same time it would be 
appropriate to invite the nations of the 
world to join us in a solemn pledge not 
to proceed in the development of con
struction of weapons of this category." 

As with the majority, Fermi and Rabi 
also explicitly took up the possibility 
that the Russians might proceed on their 
own, or even go back on a pledge not 
to: "If such a pledge were accepted even 
without control machinery, it appears 
highly probable that an advanced state 
of development leading to a test by an
other power could be detected by avail
able physical means. Furthermore, we 
have in our possession, in our stockpile 
of atomic bombs, the means for ade
quate 'military' retaliation for the pro
duction or use of a 'Super: " 

On December 2 and 3, five weeks 
after the special meeting, the General 
Advisory Committee convened for one 
of its regularly scheduled meetings and 
carefully reviewed the question of the 
Super once again. According to Richard 
G. Hewlett, the AEC's official histo
rian, Oppenheimer reported to the com
missioners that no member wished to 
change the views expressed in the Oc
tober 30 report. 

For a time it appearoed that the views 
of the Oppenheimer committee had a 
chance of being accepted. David E. 
Lilienthal, chairman of the AEC, was 
receptive to the committee's point of 
view. He similarly favored two parallel 
responses to the Russian test: (1) in
creasing the production of fission weap
ons and developing a greater variety of 
them, particularly for tactical situations, 
and (2) officially announcing our inten
tion to refrain from proceeding with the 
Super while Simultaneously reopening 
and intensifying the search for interna
tional control of all kinds of weapons of 
mass destruction. Lilienthal considered 
the complete reliance on weapons of 
mass destruction to be a fundamental 
weakness in U. S. policy, and he viewed 
a "crash" program on the hydrogen 
bomb as foreclosing what might be the 
last good opportunity to base U.S. for
eign policy on "something better than a 
headlong rush into war with weapons of 
mass destruction." "We are," he said, 
"today relying on an asset that is readily 
depreciating for us, i.e., weapons of mass 
destruction. [A decision to go ahead with 
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the Super 1 would tend to confuse and, 
unwittingly, hide that fact and make it 
more difficult to find some other course." 

N. we know now, the advice of the 
Oppenheimer committee was re

jected. Early in 1950 President Truman, 
acting on the basis of his own political 
judgment and on the totality of the ad
vice he had received on the matter, 
issued directives designed to set in mo
tion a major U.S. program to develop 
the hydrogen bomb. 

It is not possible here to give a full 
description of what happened next, but 
the following chronological outline of 
the Russian and American superbomb 
programs is designed to show how the 
"race" for the superbomb did in fact 
come out, and to facilitate making judg-

U.S. 

0 
0 
0 

U.S.S.R. 

OPERATION 
SANDSTONE 

o ALL-FISSION BOMBS 

SUPERBOMBS 

• OTHER MIXED 
FISSION/FUSION BOMBS 

ments about the General Advisory Com
mittee's advice and about "what might 
have been." 

First of all, it is now known that both 
countries initiated high-priority pro
grams for the development of a hydro
gen bomb at about the same time (late 
1949-early 1950), and both had been 
seriously studying the subject for some 
years before that. 

The first U.S. test sel-ies that includ
ed experiments designed to investigate 
thermonuclear explosions took place at 
Eniwetok in the spring of 1951. Known 
as Operation Greenhouse, the series in
cluded two thermonuclear experiments. 
One, with the code name Item, was a 
test of the booster principle. This ex
periment, it must be emphasized, was 
planned and programmed before the 

first Russian atomic-bomb test. The oth
er (which actually took place first) was 
called George. It was a response to Joe 
1, as the first Russian atomic-bomb test 
was called by the U.S. intelligence es
tablishment. Reduced to its essentials, 
the purpose of the experiment was to 
show, as a minimum, that a thermonu
clear reaction could under ideal condi
tions be made to proceed in an experi
mental device. This experiment came to 
play a key role in the Super program. 
As Teller later put it: "We needed a sig
nificant test. Without such a-test no one 
of us could have had the confidence to 
proceed further along speculations, in
ventions and the difficult choice of the 
most promising possibility. This test was 
to play the role of a pilot plant in our 
development." 

OPERATION 
CASTLE 

b 

C 

OPERATION 

GREENHOUSE 

ITEM 

GEORGE 

FIRST RUSSIAN SUPERBOMB 

MIKE AND/OR BRAVO 

TWO HYPOTHETICAL OUTCOMES are postulated in an effort 

to evaluate how much risk would have been involved in a U.S. de· 

cision not to proceed with the superbomb. They are depicted in this 

historical chart as branches of the time line representing the actual 

world (a). The first branch is referred to by the author as the "most 

probable alternative world" (b), the second as the "worst plausible 

alternative world" (c). Both branches originate at January, 1950, 

the date President Truman announced his decision to go ahead 

with the superbomb. The circles denote nuclear·test explosions; the 

labels are U.S. code names. Area of each circle is proportional to 

the region that could be destroyed by that bomb. Bombs of "nomi· 

nal" size (less than 50 kilotons) have been omitted after 1950. 
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The George shot served its purpose 
well. During the final stages of cal
culations concerned with the expected 
performance of this device, Teller and 
Stanislaw Ulam came up with the cli
mactic idea that made it possible to 
achieve the goal of the superbomb 
program: they invented a configuration 
that would make it possible for a small 
fission explosion to ignite an arbitrarily 
large fusion explosion. 

The first test of a device designed to 
ignite a large thermonuclear explosion 
by means of a comparatively small quan
tity of fissionable material took place at 
Eniwetok on November 1, 1952 (local 
time). The device, known as Mike, pro
duced a tremendous explosion, equiva
lent in its energy release to 10 megatons 
(10 million tons) of TNT. As had been 
repeatedly predicted since the early 
1940's, the yield was roughly 1,000 
times larger than the yield of the first 
atomic bombs. For certain practical rea
sons relating to the pioneering nature of 
the test, this first version of the Teller
Ulam configuration had liquid deute
rium as its thermonuclear fuel. (The 
last point needs special emphasis. The 
Teller-Ulam invention, contrary to folk
lore, was not the notion of substituting 
easy-to-handle lithium deuteride for the 
hard-to-handle liquid deuterium. That 
possibility had been recognized several 
years earlier.) 

Also in November, 1952, the U.S. 
tested a very powerful fission bomb, 
with the code name King, that had an 
explosive yield of 500 kilotons, or half 
a megaton. Its purpose was to proVide 
the U.S. with an extraordinarily power
ful bomb by means of a straightforward 
extension of fission-weapons technology, 
in case such large bombs should become 
necessary for any strategic or political 
reason. Originally proposed by Bethe as 
a substitute for the Super program, it 
became instead a backup for it. 

The first Russian explosion involving 
fusion reactions took place on August 
12, 1953. Russian descriptions of this 
test and later ones confirm that it was 
not a superbomb. It was only some tens 
of times as big as the standard atomic 
bombs of the day, about the same size 
as but probably smaller than King, the 
largest U.S. fission bomb. It evidently 
involved one of several possible straight
forward configurations for igniting a 
fairly small amount of thermonuclear 
material with a comparatively large 
amount of fissionable material. It was 
the first device anywhere to use lithium 
deuteride as a fuel, and presumably it 
could have been readily converted into 
a practical weapon if there had been 

any point in doing so. It seems to have 
been a development step the U.S. by
passed in its successful search for a con
figuration that would make it possible 
to produce an arbitrarily large explosion 
with a relatively small quantity of fission
able material. 

In the spring of 1954 the U.S. suc
cessfully exploded six more variants of 
the superbomb in Operation Castle. 
Their yields varied widely. The first 
and most famous of these tests, with 
the code name Bravo, was exploded 
on March 1, 1954, at Bikini. Its design, 
which was initiated before the Mike 
explosion, also incorporated the Teller
Ulam configuration, but it had the more 
practical lithium deuteride as its ther
monuclear fuel. Bravo's yield was 15 
megatons, even more than Mike's, and 
it was readily adaptable to delivery by 
aircraft. 

On November 23, 1955, the U.S. S.R. 
exploded a bomb that had a yield of a 
few megatons. According to a statement 
made by Secretary Khrushchev, this 
device involved an "important new 
achievement " that made it possible by 
"using a relatively small quantity of fis
sionable material ... to produce an ex
plosion of several megatons." Khrush
chev's remark is generally taken as 
confirmation that the test was the first 
one in which the Russians incorporated 
the Teller-Ulam configuration or some
thing like it. It also used lithium deu
teride as a fuel and was therefore a true 
superbomb, comparable to the U. S. 
Bravo device exploded 20 months ear
lier, except for its yield, which was still 
probably only about a fifth the yield 
of Bravo. 

With this chronology in mind, what 
can one say about what might 

have happened if the U.S. had followed 
the advice of Oppenheimer and the rest 
of the General Advisory Committee, 
backed by Lilienthal and the majority of 
the AEC commissioners, and had not 
initiated a program for the specific pur
pose of developing the Super in the 
spring of 1950? 

At best the invention of very large, 
comparatively inexpensive bombs of the 
Super type would have been forestalled 
or substantially delayed. Very probably 
the work on the booster principle, which 
presumably would still have gone for
ward, would have led eventually to the 
ideas underlying the design of very big 
bombs, but those ideas might well have 
been delayed until both President Eisen
hower and Secretary Khrushchev were 
in power. Those two leaders were both 
more seriously interested in arms-limi-

tation agreements than their predeces
sors had been, and it is at least possible 
that they might have been able to deal 
successfully with the superbomb. To be 
sure, such a favorable result was not 
very probable (certainly it had much less 
than an even chance of coming about), 
but its achievement would have been so 
beneficial to mankind that at least some 
small risk was clearly worth running. 

To evaluate just how much risk would 
have been involved let us next examine 
three other outcomes, which I have la
beled the "actual world, " the "most prob
able alternative world " and the "worst 
plausible alternative world " [see illus
tration on opposite page J. 

In both of the hypothetical alterna
tive worlds I assume that the U.S. would 
have forgone the development of the 
Super but that the Russians would have 
ignored this American restraint and 
would have proceeded at first just as 
they did in the actual world. I also as
sume that the U.S. would have vigor
ously followed the positive elements of 
the Oppenheimer committee's advice; 
thus the booster project and other ideas 
for improving fission bombs would have 
been accelerated. The difference be
tween the most probable alternative 
world and the worst plausible alterna
tive world lies in the timing of the test 
of the first Russian superbomb. In the 
worst plausible world I assume that this 
test would have come on the same date 
that it did in the actual world. In the 
most probable alternative world, how
ever, I assume that the test would have 
been substantially delayed. 

In both of the two hypothetical alter
native worlds, then, the Russians in Au
gust, 1953, would have exploded Joe 4, 
a large bomb deriving part of its explo
sive energy from a thermonuclear fuel 
and yielding a few hundred kilotons. 
Such a device, however, would have 
had no real effect on the "balance of 
terror." In both alternative worlds the 
U.S. would surely have already tested 
the 500-kiloton all-fission bomb in No
vember, 1952 (or probably earlier, since 
the timing of Operation Ivy was deter
mined by the availability of the much 
more complicated Mike device). There
fore the explosion of Joe 4 would have 
meant that the U. S.S.R. had caught up 
with but not surpassed the U.S. insofar 
as the capability of producing enormous 
damage in a single explosion was con
cerned. 

Then what would have happened? 
From that point the Russians might 

conceivably still have gone on to pro
duce their multimegaton explosion in 
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November, 1955, but I think it is very 
probable that they would not have done 
so until much later. In the actual world 
they had the powerful stimulus of 
knowing from our November 1952 test 
that there was some much better, prob
ably novel way of designing hydrogen 
bombs so as to produce much larger ex
plosions than the one they demonstrated 
in their August 1953 experiment. A care
ful analysis of the radioactive fallout 
from the Mike explosion may well have 
provided them with useful information 
concerning how to go about it. In 
the hypothetical world where the U.S. 
would have followed the Oppenheimer
Lilienthal advice that stimulus and in
formation would have been absent. 
Moreover, a comparison of the way nu
clear-weapons technology advanced in 
the U.S. and the U.S.S.R. during that 
period makes it seem likely there would 
have been a much longer delay-prob
ably some years-before they took that 
big and novel a step without such stim
uli and information. Therefore in the 
most probable alternative world the first 
Russian superbomb test would have 
been delayed until well after the first 
American superbomb test (in other 
words, delayed until 1957 or 1958), 
where(ls in the worst plausible alterna
tive world- it would have occurred just 
when it did in the actual world: in Au
gust, 1955. 

What would the U.S. have done in 
the meantime? 

It would have been known immedi
ately that the Russian explosion of Au-

gust, 1953, was partly thermonuclear 
and that this test was many times as big 
as the Russians' previous explosions. If 
one assumes that following this Russian 
test the American program in the worst 
plausible world would have gone along 
just as it did in the actual world follow
ing President Truman's 1950 decision, 
then the U.S. would have set off the 
Mike explosion in April, 1956. A simple 
duplication of those earlier events at 
this later time, however, would have 
been unlikely. Any analysis of U.S. re
actions to technological advances by 
the U.S.S.R. shows that the detection of 
the August 1953 event would have re
sulted in the initiation of a very large, 
high-priority American program to pro
duce a bigger and better thermonuclear 
device. Such a program would undoubt
edly have had broader support than the 
one actually mounted in the spring of 
1950. Moreover, the general scientific 
and technological situation in which a 
hydrogen-bomb program would have 
been embedded in 1953 would have 
been significantly different from the ac
tual one in 1950. For one thing, the 
kind of theoretical work in progress on 
the Super before President Truman's de
cision would have continued and would 
have provided a solider base from which 
to launch a crash program. In addition 
the booster program would presumably 
have continued along the path already 
set for it in 1948 (which included a test 
of the principle in 1951), and therefore 
in 1953 there would have been avail
able some real experimental information 

J. ROBERT OPPENHEIMER AND EDWARD TELLER met at a Washington reception in 
1963. Behind the two men is Glenn T. Seaborg, who was then chairman of the AEC. At the 
left is Oppenheimer's wife. Oppenheimer had just received the Fermi Award of the AEC. 
Ten years earlier, in the aftermath of the secret debate over whether or not the U.S. should 
proceed with the development of the hydrogen bomb, he had been banned from all Govern· 
ment work by virtue of the fact that his security clearance had been removed. Teller had 
been a leading advocate of the development of the hydrogen bomb from the early 1940's. 
The General Advisory 'Committee of the AEC, of which Oppenheimer was chairman, had 
recommended in 1949 that the U.S. not initiate an "all·out" effort to develop the Super. 

112 

concerning thermonuclear reactions on 
a smaller scale. 

Last but not least, there had been 
great progress in computer technology 
between 1950 and 1953. When the real 
Mike test was being planned, fast elec
tronic computers such as MANIAC and 
the first UNIVAC either were not quite 
operating or were in the early stages of 
their operating career. By a year or so 
later they were in full running order and 
much experience had been gained in 
their utilization, so that they would have 
been much more effective in connection 
with any hypothetical post-Joe 4 Ameri· 
can crash program. For all these reasons 
it is plausible to assume that the U.S. 
would have arrived at something like the 
Teller-Ulam design for a multimegaton 
superbomb either in the same length of 
time or, even more likely, in a somewhat 
shorter period, say sometime between 
September, 1955, and April, 1956. 

These dates bracket the actual date 
when the Russians arrived at roughly the 
same point in the actual world. A few 
months' difference either way at that 
stage of the program, however, would 
not have been meaningful. It takes quite 
a long time, typically several years, to 
go from the proof of a prototype to the 
deployment of a significantly large num· 
bel' of weapons based on it. Differences 
in production capacity would have 
played a much more important role than 
any small advantage in the date of the 
first experiment, and such differences as 
then existed surely favored the U.S. 
Hence even in the worst plaUSible al· 
ternative world the nuclear balance 
would not have been upset. Moreover, 
in the most probable alternative world 
the date the Russians would have ar
rived at that stage would have been de
layed until well after the first large U.S. 
Mike-like explosion had showed them 
there was a better way; thus in this most 
probable case the U.S. would still have 
enjoyed a substantial lead. 

I n short, the common notion that has 
perSisted since late 1949 that some 

sort of disaster would have resulted from 
following the Oppenheimer-Lilienthal 
advice is in retrospect almost surely 
wrong. Moreover, even if by some un
likely quirk of fate the Russians had 
achieved the Superbomb first, the large 
stock of fission bombs in the U.S. arsenal, 
together with the 500·kiloton all-fission 
bomb for those few cases where it 
would have been appropriate, would 
have adequately eBsured the national 
security of the U.S. 

This history and the conjectures about 
possible alternative pasts show that Op-
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penh eimer, Conant, Fermi, Rabi and 
the others were right in their advice 
about the Super, and that they were 
right for the right reasons. They had cor
rectly assessed the relative technologi
cal state of affairs, correctly judged the 
margin of safety inherent in the situation 
and correctly projected the ability of the 
U. S. to catch up rapidly if that should 
become necessary. The national security 
of the U. S. did not require the initiation 
of a high-priority program to develop 
the Super. It was therefore entirely ap
propriate to attempt to use the first Rus
sian atomic explosion as a lever for re
opening the entire question of nuclear
anns control. 

The authors of the report could not, 
of course, predict the details of the al
ternative chronologies outlined above, 
and they did not try to do so, but they 
could and did correctly assess the gen- , 
eral situation and the limits of the prob
able futures inherent in it. The large 
rate of production of fissionable material 
already in effect, the planned expansion 
in that rate, the resulting immense stock 
of fission weapons forecast for the early 
and middle 1950's and the existence of 
an entirely adequate means for deliver
ing those weapons guaranteed that even 
the sudden surprise introduction of a 
few superbombs by the U.S.S.R. could 
not really upset the balance of power. 
The situation was reinforced by the pro
jection, which proved to be correct in 
the King shot, that if need be the power 
of the World War II fission bombs could 
be multiplied up to the megaton range 
simply by more astutely employing the 
techniques and materials already known 
and available. 

In the course of presenting its general 
admonition not to proceed with the 
crash development of the Super, the 
Oppenheimer committee made certain 
specific predictions about it. An exami
nation of these predictions shows that 
they stood the test of time fairly well. 

In their discussion of the superbomb 
the committee members said that "an 
imaginative and concerted attack on 
the problem has a better than even 
chance of producing the weapon within 
five years. " Four years and four months 
later Bravo, the first practical American 
thermonuclear weapon, was tested at 
Bikini. Given the unknowns and uncer
tainties existing at the time, that is a 
remarkably accurate prediction. They 
went on to say that "once the problem 
of initiation has been solved, there is no 
upper limit ... except that imposed by 
requirements of delivery." That also 
seems to be the case. The largest bomb 
exploded so far (by the Russians in 

1961) is said to have been some 58 meg
atons, four times the size of Bravo, and 
there is every reason to believe bombs 
could indeed be made even larger than 
that. 

The report also said that there "ap
pears to be no experimental approach 
short of an actual test which will add to 
our conviction that a given model will' 
or will not work" and that "many tests 
may be required before a workable 
model has been evolved." History has 
borne out the first part of the prediction. 
A quarter of a century had to pass and 
other inventions had to be made be
fore thermonuclear explosions were pro
duced on a laboratory scale by means of 
lasers, and even those are probably not 
closely relevant to the superbomb prob
lem. The second part of the prediction 
turned out to be less precise. The num
ber of U.S. tests needed to develop and 
check out a bomb was three: George, 
Mike and Bravo. The Russians needed 
only two tests, but they had an invalu
able piece of information that was not 
available to the American workers: the 
sure knowledge that both small and 
large thermonuclear explosions were 
really possible. These numbers were 
very probably smaller than the "many" 
the Oppenheimer committee had in 
mind, but even so they were in each 
case sufficient to provide the other side 
with an adequate early warning that 
thermonuclear work was in progress. 

Another interesting and perceptive 
technological prediction is contained in 
the report's statement aqout "very grave 
contamination problems which can eas
ily be made more acute ... by surround
ing the deuterium with uranium." The 
very high levels of radioactive fallout 
associated with large hydrogen bombs 
do in fact result from such use of urani
um. The very first test of a practical su
perbomb, Bravo, produced a blanket of 
fallout that evidently contributed to the 
death of one innocent bystander (the 
radioman of the Fortunate Dragon, a 
Japanese fishing ship) and came within 
a hair's breadth of killing hundreds of 
Marshall Islanders living on two nearby 
atolls. The fallout accident in turn pro
vided the initial spark behind the move
ment to ban nuclear-weapons tests that 
ultimately led to the Partial Test-Ban 
Treaty of 1963. 

The foregoing account is, I think, 
enough to show that the Oppen

heimer committee's advice was sound, 
but it may not be enough to show 
unequivocally that President Truman 
should have taken this sound advice. 
The President, unlike the AEC commis-

sioners and their advisers, had to take 
into account a broader array of informa
tion and political ideas than those dis
cussed in detail here. The overall in
tensity of the cold war was increasing, 
Mao Tse-tung and Joseph Stalin had 
proclaimed the Sino-Soviet bloc and 
many important Republicans were with
drawing or modifying their support of 
the bipartisan foreign and military poli
cies that had been in effect since the be
ginning of World War II. As the fall of 
1949 wore on and the arguments about 
the Super began to leak out from behind 
the curtain of secrecy, those opinions 
favoring the Super were, in the overall 
context of the time, both Simpler and 
more widely persuasive than those op
posing it. There can be little doubt that 
Congressional and public opinion was 
beginning to come down heavily on the 
side of a strong response to the first Rus
sian atomic-bomb test, and building 
the Super seemed to many to be just 
the kind of thing to keep the Russians 
in their place. President Truman, a 
professional politician, could therefore 
have concluded that rejecting the Super 
and running even a small risk of being 
second best was politically too difficult 
an alternative. Moreover, his decision to 
proceed with the Super, made on Janu
ary 31, 1950, was based on the advice 
of the special committee of the National 
Security Council charged with studying 
the matter. Those committee members 
responsible for international relations 
( Secretary of State Dean Acheson) and 
national defense (Secretary of Defense 
Louis A. Johnson) strongly supported 
going ahead; the only reservations were 
expressed by the one committee member 
who was not responsible for those ele
ments of national-security policy, name
ly Lilienthal, chairman of the AEC. 

Nonetheless, it now seems clear to me 

in retrospect that President Truman 
should have taken the advice of the Op
penheimer committee; he should have 
held back on initiating the development 
of the Super while making another seri
ous try to achieve international control 
over all nuclear arms, particularly the 
Super. The benefits that could have 
flowed from forestalling the Super al
together were incalculable; the chances 
of succeeding in doing so were small, 
but so were the risks in trying. It was 
certainly one of the few opportunities, 
and as Lilienthal said then, it may have 
been the last good opportunity to base 
American foreign policy on something 
better than reliance on weapons of mass 
destruction or, as it is now phrased, on 
the prospect of "mutual assured destruc
tion." 
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MATHEMATICAL GAMES 
Concerning an effort to demonstrate 
extrasensory perception by machine 

by Martin Gardner 

I
n modern extrasensory-perception 

(ESP) experiments probability and 
statistics play indispensable roles in 

determining if ESP events have indeed 
occurred. Targets are set up, subjects 
make a large number of guesses and then 
the results are analyzed to see if there are 
significant deviations from chance. The 
results are usually recorded by hand, 
which has given rise to a persistent criti
cism. Because those who record ESP 
data are almost always firm believers in 
ESP, often with a large personal stake 
in a favorable outcome, the possibility 
of belief's biasing the results looms very 
large. 

The biasing can, of course, be entirely 
unconscious. Over and over again it has 
been demonstrated that people with a 
strong belief make unwitting recording 
errors that tend to favor their belief. In 
tests of psychokinesis (PK), for example, 
when subjects try to influence the fall of 
dice, secret cameras have shown that 
handwritten records kept by "sheep" (be
lievers) display significant errors favor
ing PK, whereas similar records kept by 
"goats" (skeptics) display an equal bias 
in the other direction. 

With the rise of electronic and com
puter technology it naturally occurred 
to many workers in the field of ESP re
search that one simple way to guard 
against unconscious recording errors is 
to make the process as automatic as pos
sible. Let the machine, incorporating an 
efficient randomizer, select the targets, 
and design the machine so that it makes 
a permanent, unalterable record of both 
targets and trial guesses. It is true that 
such machines are not fraudproof; wit
ness the scandal last year when Walter 
J. Levy, Jr., director of J. B. Rhine's 
Institute for Parapsychology, resigned 
after it was found that he had been tink
ering with the apparatus to improve 
scores. Apart from cases of outright chi
canery, however, an electronic apparatus 
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is an excellent way to eliminate uncon
scious bias. 

Several crude devices for testing ESP 
were used on rare occasions from the late 
1930's on, but the first major tests with 
an electronic machine were made in 
1962. They were done with a system 
called VERITAC, which had been de
Signed and built by a worker at the Air 
Force Cambridge Research Laborato
ries. The system randomly selects digits 
from 0 through 9. It prints a record of 
the selected digit, the subject's guess as 
to what the digit is, the time of each 
trial and the time interval between se
lection of the target and the guess. 
Counters on the control console provide 
instant feedback of results, but the 
counters can be disconnected if it is 
wished. Mter a trial run VERITAC goes 
into a locked condition and remains 
locked until a teletypewriter prints out 
the data. 

The machine can be set for one of 
three modes. In the clairvoyant mode 
the subject guesses the digit after it has 
been selected. In the precognitive mode 
the guess precedes the selection. And 
in the general extrasensory perception 
(GESP) mode the target is observed by 
someone who acts as a telepathic sender 
to a subject in another room. Hence a hit 
can be the result of telepathy, clairvoy
ance or both. 

In the 1962 experiment each of 37 
subjects completed five runs of 100 trials 
each for each of the three modes, making 
a total of 55,500 trials. When results 
were analyzed, using the familiar chi
square test for statistical significance, 
there was no deviation from chance ei
ther for the entire group or for any indi
vidual. Nor were there significant differ
ences in the scores of sheep and goats. 

C. E. M. Hansel, discussing this his
toric experiment in his book ESP: A 
Scientific Evaluation (Scribner's, 1966), 
pointed out that VERITAc

'
S instant feed

back of results to the subject made it 
an ideal teaching machine. "With the 
VERITAC machine, subjects could be giv
en long practice sessions so that any 
ESP ability that might be present could 

be strengthened. Thus parapsychologists 
would have both a testing and a training 
machine. It could also be modified to 
provide a reward after each hit and pun
ishment, such as a mild electric shock, 
after each miss. It would then constitute 
a conditioning machine . . . .  " 

"If 12 months' research on VERITAC 

can establish the existence of ESP," Han
sel wrote on the final page of his book, 
"the past research will not have been in 
vain. If ESP is not established, much 
further effort could be spared and the 
energies of many young scientists could 
be directed to more worthwhile re
search." 

Most parapsychologists did not look 
favorably on that kind of ESP testing. 
One exception was Russell Targ, then a 
physicist with Sylvania Electric Prod
ucts specializing in laser and plasma re
search. In 1966, the year Hansel's book 
appeared, a short note in Electronics 
(December 26, page 36) reported that 
Targ was working on an ESP teaching 
box designed by David B. Hurt, an en
gineer at Fairchild Camera and Instru
ment. The subject tries to guess which 
of four buttons will light up, the notice 
said, and the box "reinforces by punish
ment as well as by reward." 

Five years later, with a grant from 
the Parapsychology Foundation (found
ed by the well-known spiritualistic me
dium Eileen J. Garrett), Targ and Hurt 
designed and built a more advanced 
ESP teaching device. In 1972 Targ was 
hired by the Electronics and Bioengi
neering Laboratory of the Stanford Re
search Institute (SRI). Since then he and 
his associate Harold E. Puthoff, a physi
cist and Scientologist who had joined the 
SRI staff a year earlier, have been 
engaged in parapsychological research. 
The two men have become best known 
for their testing of Uri Geller, the Israeli 
magician who professes to have paranor
mal powers. Here, however, we shall be 
concerned only with their ESP-teaching
machine experiment. It marks the sec
ond milestone in the attempt with an 
electronic apparatus to establish the exis
tence�of ESP abilities in man. 

The research was made possible by a 
grant of $ 80,000 from the National Aero
nautics and Space Administration, with 
the Jet Propulsion Laboratory of the 
California Institute of Technology serv
ing as the administrator. The final 61-
page report was published by SRI in 
August of last year with the title "De
velopment of Techniques to Enhance 
Man/Machine Communication." The 
authors are Targ, Phyllis Cole and Put
hoff. Since Targ was the senior investi-
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gator, I shall henceforth use his name 
only. 

The report is not classified. Its cover 
states that it was prepared for distribu
tion "in the interest of information ex
change." Since the work was financed 
by public funds, anyone interested in it 
is entitled to ask SRI for a copy. The 
address is Menlo Park, Calif. 94025. I 
have been told that only 50 copies of 
the report were printed and that all have 
long since been distributed but that SRI 
has permission to reprint the report any 
time it wants to do so. It is to be hoped 
that this will be done, because it is an 
important report that every serious stu
dent of parapsychology should have ac
cess to. 

Let us have a look at Targ's machine 
[see illustration on this page]. Models 
of it are manufactured by Aquarius 
Electronics, Box 96, Albion, Calif. 
95410. (Similar and more compact mod
els are now being made by other com
panies.) There are four square panels, 
each of which can display a colored trans
parency. Before any picture is displayed, 
however, a randomizer in the machine 
selects one of the four pictures as the 
target. The subject tries to guess the tar
get, indicating his choice by pressing the 
square button nearest that panel. As 
soon as the subject indicates his choice, 
a light goes on behind the correct target 
picture to provide feedback and rein
forcement. When there is a hit, a bell 
sounds. A counter to the right of the 
panels displays the number of the trial 
(from 1 to 25). A second counter dis
plays the number of hits. 

If a subject feels that he does not 
"know" the right button, he can press a 
"pass" button below the panels, and no 
guess will be recorded. Another button 
to the right of the pass button resets the 
counters to zero. Above the panels are 
five "encouragement lights" to provide 
additional reinforcement. The first leg
end, "Good beginning," lights up as 
soon as there are six hits, and it goes out 
if the hits rise to eight. The second leg
end, "ESP ability present," lights up at 
eight hits. "Useful at Las Vegas" appears 
at 10 hits. Twelve hits light up "Out
standing ESP ability," and 14 hits "Psy
chic, medium, oracle." 

To the left of the panels is a rotary 
switch. Throughout the NASA project 
the machine was set for clairvoyance. 
The switch can also be set for precog
nition and telepathy. For telepathic test
ing it is necessary to plug a "telepathy 
adapter" into the model's output jack. 
This accessory box, connected to the 
teaching machine by a 25-foot cable, 

displays the targets to a telepathic send
er in another room, who sees them be
fore the subject makes his choice. A 
report on the use of an earlier model of 
the machine in its precognitive mode is 
given in a paper by Puthoff and Targ, 
published as Chapter 22 of astronaut 
Edgar D. Mitchell and John White's 
anthology Psychic Exploration (Put
nam's, 1974). The two authors present 
their theory that events send out waves 
that propagate backward in time but 
decay rapidly. The closer the event to 
the precognition, the stronger the pre
cognition; therefore the machine is de
signed to select its target with a quarter
second to one-second delay after a choice 
has been made. The authors believe that 
the "familiar deja vu phenomenon is the 
most common form of precognition," not 
(as some parapsychologists have argued) 
a hazy recollection of an experience in a 
previous incarnation. They are also con-

vinced that awaking just before an alarm 
clock rings is another familiar instance 
of precognition. Since that is a "large, 
timely and unpleasant event," its back
ward wave in time makes a strong im
pression on the sleeping mind. 

Back to clairvoyance. The first phase 
of Targ's NASA project was to test two 
individuals under informal conditions. 
Subject AI, identified only as the son 
of an SRI scientist, worked at home with 
the machine, with his father recording 
the data on score sheets. Subject A2, 
identified only as a scientist not at SRI, 
worked in the laboratory but kept his 
own handwritten records. Subject Al 
made 9,600 trials, obtaining a mean 
score of 26.06 hits per 100. The rising 
slope of his learning curve was .077. Sub
ject A2 had a mean score of 30.50 over. 
1,400 trials and a learning slope of .714. 
These were encouraging results, but be
cause of the lack of controls it was called 

A subject works with the Aquarius ESP Teaching Machine 
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Phase 0 and represented only a pilot 
study. 

Phase 1 tightened the controls a bit 
by hooking a printer up to the machine. 
A typical printout is shown in the illus
tration at the left. The printer counts the 
number of trials from 1 through 25 (hold
ing the count for a "pass"), records the 
machine's choice of target (0 through 3), 
records the guess and keeps a running 
total of hits. 

Of the 145 volunteer subjects for 
Phase 1, 100 were "employees, relatives 
and friends" of SRI (79 adults and 21 
children under 15). All did their work 
alone in an SRI laboratory, keeping their 
own records. Each worked on two or 
more machines in different locations. 
Twenty-two subjects of junior-high
school age or younger were at a private 
school where an experimenter was in 
attendance. The remaining 23 subjects 
were junior-high-school students at a 
public school where the tests were su
pervised by teachers. 

The overall scores of the 145 subjects 
were at the chance level for both ESP 
and learning. A questionnaire given to 
the private-school students revealed that 
15 of the 22 students actually tried to 
get low scores. "This tendency to experi
ment with different modes of interacting 
with the machine," Targ writes, "was not 
taken into account in recording or ana
lyzing data." Nine of the 145 subjects 
had slight upward learning slopes, and 
11 showed significant ESP. None showed 
a significant learning decline. 

Targ was well- aware that the Phase 1 
controls were much too loose to justify 
the NASA investment in the study. Al
though he does not spell it out, it is easy 
to see how bias could have crept in. In 
the first place, the printer keeps no rec
ord of the total number of trials by any 
subject. There was no supervision of 
the 100 SRI employees, relatives and 
friends. One may assume that a high 
proportion of them were sheep. On the 
further assumption that no one con
sciously cheated, how could their un
conscious bias operate? 

The most obvious way is by decisions 
as to when a run of 25, recorded on pa
per tape, is to be preserved or discarded. 
Suppose there is a sudden disturbance: 
someone comes into the room, a fire en
gine goes by outside or a telephone 
rings. If the run is low in hits, there 
could be a strong feeling that the noise 
disturbed ESP and that the run should 
therefore not be counted. Or there might 
be an internal disturbance to justify 
tearing off and throwing away a run. 
The subject's foot falls asleep, his head 

starts to ache, disturbing thoughts cross 
his mind and so on. His finger could 
fumble and give him the impression that 
he had pressed the wrong button. Imag
ine yourself acting as an unsupervised 
subject. Now suppose any of the above 
disturbances, which could be a plausible 
basis for discarding a run, occurs. You 
note, however, that the run is high in 
hits. Would you then discard it? 

Suppose you decide, but only in a 
vague way, to make a practice run. As 
you watch hits accumulate on the count
er, would it not be easy to fool yourself 
into believing a practice run had not 
been intended after all? You keep the 
run. If the hits had been low, you would 
have discarded it. 

All of this obviously also applies to 
the students. At the private school how 
carefully did the experimenter super
vise the subjects? Did he keep watch at 
all times, or did he occasionally read a 
book or leave the room? And would the 
experimenter have strenuously objected 
if a student explained why he did not 
want to save a run? 

At the public school how well did the 
teachers supervise the subjects? Targ tells 
us that many subjects "complained of 
the noise and confusion inherent in the 
location." And again: "Several dozen 
Phase 1 participants had complained 
that the clatter of the printer was a dis
traction." I am not guessing when I say 
that the paper-tape records of Phase 1 
were turned in to Targ in disconnected 
bits and pieces. 

Targ clearly perceives the weakness 
of his experimental design for this phase. 
It is the design of a physicist trained to 
investigate physical laws-laws that do 
not exhibit psychological qUirks. An ex
perimental psychologist would have con
structed a printer that kept an unalter
able record of all trials. Subjects would 
have been required to start at Trial 1, 
continue to a predetermined limit agreed 
to by both the experimenter and the 
subject and then turn in an unbroken 
tape. VERITAC was carefully designed to 
forestall bias by the simple expedient of 
keeping a time record of all trials. In 
Targ's defense it should be said that he 
regarded Phase 1 as being no more than 
a loose screening process deSigned to 
pick out high scorers in preparation for 
the crucial Phase 2, during which all 
psychological bias would.be eliminated. 

To eliminate it, a Model 33 Teletype 
was plugged into the system so that in 
addition to the paper printout a record 
of all trials was kept on punched tape. 
The punched tape was necessary not 
only for keeping an unalterable total rec-
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ord but also for ease in computer read
ing and analysis. The punched tape was 
fed to a computer on a trial-by-trial basis. 
The computer analyzed the data while 
the choices were being made. 

Only the best subjects from Phase 0 
and Phase 1 were used. There were 12 in 
all. This included subject A2 from Phase 
O. (Subject AI, a student, had left the 
area to return to college.) Eleven sub
jects were chosen from Phase 1. Because 
of complaints about the noise of the 
printer during Phase 1, the printer was 
kept in another room with the teletype. 
Indeed, both the printer and the tele
type were in the experimenter's own 
office, where they were inaccessible to 
the subjects. 

The final outcome of Phase 2 lJlust 
have disappointed Targ. No subject did 
better than chance on hits. No subject 
showed a significant learning curve. In 
short, the experiment was a failure. 

One feature of Phase 2 is of unusual 
interest. Subject A13, who had "demon
strated some paranormal ability in other 
tests conducted at SRI," was offered the 
following rewards: $1 for 10 hits in 25, 
$2 for 11 hits, $5 for 12, $10 for 13 and 
$2 0 for 14. 

Rhine has continually expressed his 
conviction that monetary motivation 
(among others) greatly increases ESP. 
"Subject motivation to score high," he 
wrote in 1964, "has long stood out as the 
mental variable that seems most closely 
related to the amount of psi effect shown 
in test results." To support his hypothe
sis Rhine invariably recalls that famous 
occasion in 1932 when Hubert Pearce, 
his star performer, made a run of 25 cor
rect guesses of ESP cards-a miracle by 
anybody's statistical criteria. Rhine mo
tivated Pearce by offering him $100 for 
each correct hit. The final sum of $2,500 
was so large that Rhine had to tell Pearce 
he did not really mean it. That has al
ways struck me as a dirty trick to play on 
Pearce, who was poor in those Depres-
sion days. , 

Since then Rhine has reported many 
other instances of perfect runs of 25, 
usually after some kind of motivation. 
The most notable was in 1936, when one 
of Rhine's assistants was testing Lillian, 
a nine-year-old who had been the high
est scorer among a group of children. As 
Rhine told it in 1944: 

"One day, after an unusually high 
score, she looked out the window, a 
happy little smile on her face. 

" 'Don't say anything,' she said. 'I'm 
going to try something: 

"The alert experimenter cut the cards 
again, just to be safe." 

Continuing the description from 
Rhine's 1964 account: "Before the run 
the child paused, laid the cards down, 
and with eyes closed, moved her lips as 
if talking to herself. She played off the 
cards without appearing to be focusing 
on the backs." 

Apparently Rhine had learned the 
hazards of offers of cash. In this case 
Lillian had been earlier promised 5 0  
cents if she made a perfect score. One 
presumes that the payoff was made. The 
following week in Rhine's laboratory 
Lillian's powers failed when she tried to 
guess ESP cards in sealed envelopes. On 
one of these tests, however, she made 24 
misses. Rhine considers that a "nearly 
significant" instance of "psi missing," or 
ESP avoidance of the target. 

There are other instances of subjects' 
obtaining perfect scores in which strong 
motivation, Rhine believes, commonly 
played a major role. Not once does he 
entertain the possibility that strong mo
tivation also motivates clever subjects to 
cheat. Magicians can give you 20 easy 
ways to obtain perfect runs with ESP 
cards. They range from seeing the large 
ESP symbols reHected in the experiment
er's glasses (under certain conditions 
they can even be seen reHected by the 
corneas of people not wearing glasses) to 
almost imperceptible fingernail nicks 
along the edges of cards and even sub
tler methods that I would prefer not to 
disclose (but that can easily be reinvent
ed by an ingenious child). It is note
worthy that not a. single run of 25 has 
been obtained under controlled condi
tions, in spite of Rhine's persistent be
lief that in the uncontrolled cases the 
chances of success were genuinely 1/525, 
or one in 29 8, 023,223, 876,953,125. 

There is little doubt that Targ's 
money offer gave subject A13 a strong in
centive. As Targ puts it, he "was highly 
motivated to generate trials." Out of 
more than 2 0, 0 00 trials about 13,500 
were made under the payment agree
ment. Alas, the offers had no effect. Sub
ject A13's scores, faithfully recorded on 
the unalterable punched tape, remained 
at the chance level. 

The results confirmed numerous tests 
by goats that have shown no correlation 
between motivation and ESP. Such fail
ures are generally not reported to the 
public because they are not newsworthy. 
Richard C. Sprinthall and Barry S. Lu
betkin gave the results of such a test in 
The Journal of Psychology (Vol 6 0, 
1965, pages 313-318). Twenty-five vol
unteer students were asked to guess ESP 
cards for a run of 25, and 25 other volun
teer students were given an identical test 

except that a firm offer was made of 
$100 to anyone who got 20 hits. The 
highest score among the 50 was 10. 
Overall scores were at the chance level. 
The mean score for the unmotivated 
group, 5.56, was slightly higher than the 
5.40 for the motivated group. 

Whenever a major experiment, such 
as the SRI test of Targ's ESP machine, is 
a conspicuous failure, parapsychologists 
themselves become strongly motivated 
to give reasons for the failure. If the test 
is supervised by a skeptical psychologist, 
or even if a goat is a mere observer, the 
favorite excuse is to invoke a kind of 
Catch 22: Skepticism destroys the sub
tle operation of psi. It is a catch unique 
to parapsychology. In other sciences 
failure by a doubting scientist to repli
cate an experiment is counted as discon
firming evidence. Because psi powers are 
said to be adversely influenced by doubt, 
however, parapsychologists are not im
pressed by replication failures unless 
they are obtained by sheep. In this case 
no goat was present, so that Targ turned 
to Catch 23. 

Catch 23 asserts that psi powers are 
negatively inHuenced by complexity. As 
Rhine once phrased it, " ... elaborate pre
cautions take their toll. Experimenters 
who have worked long in this field 
have observed that the scoring rate is 
hampered as the experiment is made 
complicated, heavy, and slow-moving. 
Precautionary measures are usually 
distracting in themselves." Catch 23 
achieves a truly remarkable result. It 
makes it impossible to establish psi pow
ers by tests that are convincing to the 
goats who are the vast majority of pro
fessional psychologists. As long as test
ing is informal and under sloppy con
trols, you get results. If you tighten con
trols, the experiment inevitably gets 
complicated and scores fall. 

Let us look at the way Targ puts it. 
"First, the subjects were definitely aware 
that they were in a test situation, despite 
attempts to provide a quiet, pleasant, 
nonthreatening atmosphere. All knew 
they were selected to participate because 
they performed well during the screen
ing process, and this knowledge created 
varying degrees of tension .... 

"The subjects in this experiment have 
uniformly complained about the new ex
perimental conditions in that 'It all feels 
different, being connected to a computer' 
despite the fact that the new working 
conditions were much quieter and more 
congenial than those in the pilot studies. 
We have spent considerable time inter
viewing the more articulate of our pre
vious high.scoring subjects. From these 
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The new Shure M95ED phono cartridge 
combines an ultra·flat 20·20,000 Hz fre· 
quency response and extraordinary track· 
ability with an utterly affordable price 
tag! The same hi·fi engineering team that 
perfected the Shure V·I5 Type III car· 
tridge spent five years developing its 
revolutionary new interior pole piece struc· 
ture for reducing magnetic losses. Its 
trackability is second only to the Shure 
V·I5 Type III. In fact, it is the new "Num· 
ber 2" cartridge in all respects and sur· 
passes units that were considered "state 
of the art" only a few years ago. Where a 
temporary austerity budget is a consid· 
eration, the M95ED can deliver more per· 
forlltance per dollar than anything you've 
heard to date. 

Shure Brothers Inc. 
222 Hartrey Ave., Evanston, IL 60204 
In Canada: A. C. Simmonds & Sons Limited 
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Manufacturers of high fidelity components, mi· 
crophones, sound systems and related circuitry. 

conversations we have determined that 
they have lower levels of confid�nce 
when working with the printer connect
ed to the teaching machine than they do 
when working with an experimenter 
watching them. And they have the least 
comfort when working with the tele
typewriter punch operating. We have 
not done blind studies to confirm these 
perceptions, but they are certainly sup
ported by the decline in scoring rate ob
served as we have progressed through 
the three recording techniques used in 
the program." 

At no time does Targ consider the 
hypothesis that Phase 2 disconfirmed 
the existence of clairvoyant powers. 
"Based on arguments by E. P. Wig
ner . . .  ," Targ goes on, "we may hy
pothesize that increasing the complexity 
of the observation system for an event 
makes the event increasingly sensitive to 
'observer' effects. Therefore, we may 
have a situation wherein the more com
plex configuration for observing a sub
ject's performance causes greater pertur
bation of his perceptual channel." 

That, of course, is the voice of a physi
cist familiar with observer effects in 
quantum mechanics. It is not the voice 
of a psychologist. In this case the "ob
server" is not even a person. It is a com
puter in another room I 

What is Targ to do? With an impor
tant experiment shOWing no results, it 
would be understandable if he sought 
a way to "rehabilitate" (his word) some 
of the good scorers in the two pilot 
phases. What better way to do this than 
to drop the "complex" controls of Phase 
2 and go back to the absence of controls 
in Phase O. 

Eight subjects were used for Phase 3. 
Seven made no printouts of any kind; 
they were merely observed by an experi
menter. Their results were at the chance 
level. The eighth subject, A3 in Phase 1, 
asked to use the printer and work with
out an observer. He was allowed to 
make as many practice runs as he liked. 
Indeed, he made 4,500 practice guesses 
as against 2,500 "real" guesses. His score 
was at the chance level on the practice 
runs. His "real" runs showed slight ESP 
and a moderate upward learning slope. 

This partly rehabilitated subject is the 
only subject identified in the report. He 
is Duane Elgin, a policy-research analyst 
at SRI. The report closes with an ap
pendix in which Elgin states his firm be
lief in ESP and discusses his reaction to 
the failure of Phase 2. The thing that 
disturbed him most, he writes, was his 
constant confusion over whether he was 
in a clairvoyant state of mind or a pre-

cognitive one. When he made a guess, 
was he guessing the picture just selected 
or was his mind aiming at the picture 
that would be chosen next? Targ makes 
much of this confusion, which he hopes 
can be minimized in future experiments. 
One wonders why Elgin did not also 
worry about the possibility that his PK 
powers might be causing the random
izer to select the picture he intended to 
choose next. (Such a possibility had not 
been overlooked by Targ. In 1972 he 
had announced that this PK hypotheSiS 
"will be the subject of a future investi
gation.") Elgin ends by stating his be· 
lief that the tests were valuable exer
cises for his "psychic muscles." He feels 
he is much better now in "other situa
tions where I might use ESP abilities, in 
particular, telepathy, precognition and 
clairvoyance. " 

The story of the failure of this expen
sive experiment is almost a paradigm of 
what has happened numerous other 
times in ESP research. High-scoring sub
jects are first identified by loosely con
trolled screening, then as their testing 
proceeds, under better (that is, more 
complex) controls, their psi powers mys
teriously fade. In addition to Catch 22 
and Catch 23, parapsychologists have a 
string of other good ones. Catch 24 says 
that, for reasons nobody understands, 
high-scoring subjects tend to lose their 
powers. Subject A3's ability did return. 
In spite of that, and regardless of Targ's 
desire to repeat the tests in some manner 
that would avoid the awful complexity 
of a computer's "observing" the trials 
from a distant location, NASA decided 
to provide no additional funds. 

N ow for the answers to last month's 
Bible problems. When I asked for 

four positive integers, all different, that 
could be arranged to make a complex 
fraction, (a / b) / (c / d), that would 
equal (d / c) / (b / a) , it was intended as 
a joke. The two expressions are easily 
shown to be equivalent when any real 
numbers whatever are substituted for 
the four terms. 

The answer to the first enigma is DA
VID; to the second, Lot's wife. The rebus 
is "No A; HI" or Noah. Dmitri Borgmann 
informs me that there are many similar 
single-letter biblical rebuses: B = "Aha
BI" (Ahab), M = "Ha-MI" (Ham), T = 

"Lo-TI" (Lot), and so on. 
The only solution to Alan Wayne's 

remarkable cryptarithm, SIX + SIX + 
SIX = NINE + NINE, is 942 + 942 + 
942 = 1413 + 1413. Note that 1413 are 
the first four digits of 7T backward, and 
942/3 is 314, the first three digits of 7T. 
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It makes every GM car 
a real performer. 

Catalytic converter, 
standard equipment on 

most 1975 and 1976 
model GM cars. 

The catalytic converter has enabled GM 

engineers to retune engines to the standard of 

excellence in acceleration and overall perform

ance you've always expected from GM cars. 

And in more than a billion miles on the road, 

the converter has proved to be quite a per

former itself. Even better than we expected. 

These are its accomplishments: 

-enabled engineers to improve fuel econ

omy in city driving by 28% over 1974 

model GM cars on a sales-weighted aver

age, according to EPA calculations, 

-reduces exhaust emissions of hy dro

carbons and carbon monoxide by about 

50% from already lowered 1974 levels, 

-lasts the lifetime of the car with unleaded 

fuel and proper engine maintenance, 

-in normal operation its outside skin tem

perature is about the same as an ordinary 

muffler and far lower than the temperature 

of an exhaust manifold, 

-has low sulfate emissions, caused by in

completely refined fuel, no higher than 

those of a diesel engine of similar size. 

Auto-makers in Europe, Asia and North 

America have contracted to buy the GM catalytic 

converter for their cars. It is a world standard. 

The catalytic converter: fuel-saving and ecologi

cally sound. And it's standard equipment on most 1975 

and 1976 cars from General Motors, a world leader in 

automotive pollution control technology. 

General Motors 
Chevrolet, Pontiac, Oldsmobile, Buick, Cadillac, GMC Tt-uck 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

A
century and a quarter ago the 

French physicist Jean Bernard 
Leon Foucault made an approxi

mate measurement of the speed of light. 
His determination, which amateurs can 
easily duplicate, was made with an 
apparatus that consisted of four basic 

slit sct'ecn 

120 

An amateur's version of A. A. Michelson's 
apparatus for measuring the speed of light 

parts. A mirror that rotated at a known 
speed reflected a beam of light from 
a bright slit to a fixed mirror placed a 
known distance from the rotating mir
ror. The fixed mirror reflected the beam 
back to the rotating mirror. During the 
round trip of the beam the rotating mir
ror turned through a small angle. Fou
cault calculated the angle by observing 
with an eyepiece the displacement of 
the reflected image of the slit. In order to 
determine the speed he divided the dis
tance by the interval of time required 
for the mirror to rotate through the 
observed angle. The calculated speed 

Optical bench of Sam Epstein's apparatus 

turned out to be 298,000 kilometers per 
second, which is equivalent to 185,168 
miles per second. 

About 50 years ago a finely wrought 
version of the same instrument was de
signed by the American physicist A. A. 
Michelson. In 1926 it indicated a speed 
of 299,769 kilometers, which is close to 
the currently accepted value of 299,-
792.5 kilometers (186,282 miles) per 
second. Experiments of this kind have 
fascinated Sam Epstein (3929 South Or
ange Drive, Los Angeles, Calif. 90008). 
Last year Epstein, who is a chemist, 
built a homemade version of Michelson's 

screen t�tit bloch.s 
J1ottcolti»1Ateo light 

two-siJed 
mirror 

mirror cell 
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instrument, primarily to learn how close
ly he could approach Michelson's result. 
Epstein describes his experiment. 

"1 did not aspire to duplicate Michel
son's experiment, which was performed 
over a distance of 22 miles, since 1 had 
available a working distance of only 
about 2,000 feet. The experiment can be 
done over still shorter distances, how
ever, by folding the light beam with ad
ditional fixed mirrors to make a total 
path of some 2,000 feet. The result is 
achieved at the expense of slit-image 
intensity, which decreases as the num
ber of reflections increases. Alternative
ly, even shorter working distances can 
be accommodated by rotating the mir
ror at speeds proportionately higher 
than the 7,200 revolutions per minute of 
my apparatus. The total length of the 
triangular path between the two reflect
ing surfaces of my rotating mirror (via 
the fixed mirrors) was 1.131 kilometers 
(3,711 feet). The distance from the slit 
image, which appears on a translucent 
screen, to the rotating mirror was 18.57 
meters (60.93 feet). I refer to the path as 
the radius arm. 

"This combination of working dis
tance, mirror speed and radius arm re
sulted in an observed displacement of 
the slit image of more than 10 centi
meters with respect to the position of the 
image when the rotating mirror was at 
rest. I measured the displacement of the 
image to within .01 centimeter. I was 
therefore able to determine the speed of 
light to within .1 percent of the accepted 
value. 

"Light reflected by the rotating mir
ror falls on the distant fixed mirrors only 
a small percentage of the time. It arrives 
at the screen as a series of short flashes 
that constitute a small fraction of the 
light transmitted by the slit. Although 
the well-known effect called persistence 
of vision causes the observer to see a 
continuous image of the slit, the image 
is relatively dim. For this reason a high
intensity light must be used. My light 
source is a carbon arc between graphite 
electrodes; it is the kind found in pro
fessional motion-picture projectors. 

"A household appliance such as a 
toaster, an iron or a room heater of about 
1,000 watts must be connected in series 
with the arc as a ballast resistor to limit 
the current to about 10 amperes. The 
light can be made even brighter by in
serting a full-wave rectifier of silicon 
diodes in the circuit. Silicon diodes rated 
for 10 amperes at a reverse potential of 
200 volts or more are currently available 
from dealers in surplus materials for less 
than 25 cents each. All connections in 

t 
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Path followed by the light beam 

the circuit must be tight to avoid second
ary arcing. 

"The arc can be struck by pushing the 
carbons together momentarily and pull
ing them apart. An alternative is to place 
the electrodes almost in contact and then 
brush both tips simultaneously with a 
third electrode held in one hand. The 
hazard of receiving an electric shock can 
be avoided by standing on a dry, non- . 
conducting surface such as a rubber 
mat, wearing dry leather gloves and ad
justing one electrode at a time. 

"The arc lamp can be constructed 
largely from Transite, an asbestos board 
that is available from dealers in lumber. 
To confine the light the working parts of 
the lamp should be enclosed in a Tran
site housing fitted with a ventilation 
chimney, although the outer ends of the 
graphite electrodes must be accessible 
so that they can be pushed inward from 
time to time as the arc consumes the 
graphite. The length of the arc can be 

monitored continuously by focusing a 
reflected image of the glowing tips of 
the electrodes on a small observing 
screen outside the housing [see illustra
tion on next page]. A carbon arc should 
never be observed directly without eye 
protection such as a welder's eye shield. 
I found by experiment that the optimum 
space between the tips of the electrodes 
is about five millimeters. 

"The slit and the condenser lens 
should be placed so that the images of 
the glowing tips of the electrodes fall 
beyond the ends of the slit. Light from 
the arc should pass through the slit but 
light from the glowing electrodes should 
not. The condenser lens should be far 
enough from the arc so that the glass 
does not heat up excessively. 

"The distance between the collimat
ing lens and the slit must be adjusted to 
equal exactly the focal length of the 
lens. The diameter of this lens should be 
sufficient to intercept rays that diverge 

121 

© 1975 SCIENTIFIC AMERICAN, INC



from the full width of the slit. Excess 
light from the ends of the slit that would 
diverge beyond the collimating lens is 
blocked by a screen with an aperture 
equal in diameter to the width of the 
collimating lens [see illustration on page 
120]. Ordinary two-inch magnifying 
glasses of about six-inch focal length 
serve as both the condensing lens and 
the collimating lens in my apparatus. All 
components on the optical bench must 
be solidly mounted and centered on the 
optical axis of the system. 

iMt.tl�tcd 
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"The rotating mirror consists of a pair 
of front-surface aluminized mirrors, each 
a quarter of an inch thick, cemented 
back to back with epoxy. They need be 
only slightly larger than is necessary to 
intercept the collimated beam. The mir
ror is clamped by a cell that is rigidly 
attached to a flange on the shaft of the 
motor. I improvised the cell with wood 
and strap metal. All edges of the mirror 
and the reflecting surfaces inside the 
cell were cushioned with foam rubber 
during assembly. 
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Details of the arc lamp 
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"The fixed mirrors are supported by 
cells improvised from wood. They can 
be rotated around both their horizontal 
and their vertical axes. Unless the first 
fixed mirror is mounted at exactly the 
same level as the rotating mirror, which 
is unlikely consideiing the distance be
tween them, an adjustable auxiliary mir
ror must also be inserted in the optical 
train to deflect the light beam from the 
rotating mirror to its target. 

"The base of the first of my two auxil
iary mirrors also supports a vacuum pho
totube. The cathode of the tube receives 
two flashes of light during each revolu
tion of the two-sided mirror. The result
ing pulses of unidirectional electric cur
rent from the tube are used to measure 
the speed at which the mirror rotates. 

"The rotating mirror is turned by the 
variable-speed motor of a sewing ma
chine. Mine is a Dayton motor rated at 
one-fifth horsepower. It operates on 115 
volts of alternating current at a maxi
mum of 2.4 amperes at 10,000 r.p.m. 
The motor is designed to operate with a 
special speed controller. Both the motor 
and its companion controller are avail
able from W. W. Grainger, Inc., an elec
trical-supply firm with retail outlets in 
all major U.S. cities. 

"The controller alone is not capable 
of adjusting the speed of the motor to 
the accuracy required by the experi
ment. I set the controller to operate the 
motor at about 8,000 r.p.m., and then I 
energize the controller with a variable 
autotransformer, such as a Variac. The 
autotransformer is adjusted to reduce 
the speed to exactly 7,200 r.p.m. 

"Various schemes can be contrived to 
measure the rate at which the rotating 
mirror turns. The phototube develops 
two pulses of direct current for each rev
olution of the mirror. The pulses can be 
amplified to flash a small neon lamp at 
the same rate. An inexpensive crystal
controlled oscillator could be installed to 
cause a neighboring neon lamp to flash 
at the rate of 7,200 flashes per second. 
The resulting stroboscopic effect would 
indicate synchronization between the 
two. 

"Alternatively, the output of the pho
totube can be connected to the vertical 
plates of a cathode-ray oscilloscope 
while the horizontal plates are energized 
by a constant frequency of, say, 60 
hertz. The display of two stationary pips 
on the face of the tube would indicate 
that the mirror is rotating at the rate of 
7,200 r.p.m. I time the speed with the 
oscilloscope mainly because I happen to 
own one. 

"The output of the photo tube appears 

© 1975 SCIENTIFIC AMERICAN, INC



as a pulse of voltage across the 27,000-
ohm resistor [see illustration on next 
page]. It is fed to the vertical deHection 
plates of the oscilloscope through a dou
ble-pole, double-throw switch. The oth
er side of the switch serves for applying 
the 60-hertz frequency of the power 
line to the plates, thus providing a means 
of checking the sweep frequency that is 
applied to the horizontal plates of the 
instrument. The 60-hertz frequency can 
be taken from any low-potential source 
in the circuit, such as the filament wind
ing of the power transformer. 

"If the slit-image screen is in the same 
plane as the slit and the rotating mirror, 
the rotating mirror will alternately re
Hect to the screen a direct image of the 
brilliantly lighted slit and its relatively 
dim image from the stationary mirrors. 
The dim image would be lost in the glare 
of the bright one. To avoid that effect I 
adjusted the second stationary mirror 
so that the image of the slit would be 
reHected from the reverse side of the 
rotating mirror to the second auxiliary 
mirror on the viewing platform at a 
small downward angle. The auxiliary 
mirror in turn reHected the light upward 
through an achromatic lens that focused 
the image of the slit on the translucent 

screen, where it could be viewed at a 
comfortable angle outside the plane of 
the direct image. 

"The achromatic lens and a pointer 
made of sheet metal are mounted on a 
screw-operated carriage that can be dis
placed laterally about 15 centimeters 
with respect to the light beam [see top 
illustration on page 125]. The pointer 
slopes downward across the screen. In 
it there is a small aperture through 
which the image of the slit can be ob
served. A sharp bend below the aper
ture allows the pointer to traverse a 
small shelf or table that records the po
sition of the observed image as indicated 
by the pointer. 

"The base of the assembly is slotted 
for lateral adjustment with respect to 
the beam. The lead screw that moves 
the carriage was made of stud-bolt 
stock, which is available from most deal
ers in hardware, as are the smooth rods 
that function as ways on which the car
riage slides. The remainder of the con
struction is largely of wood and com
monly available bolts. 

"The assembled apparatus must be 
adjusted at night, and the experiments 
are of course done at night. At least 
two assistants are needed to adjust and 
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Details of the optical bench 

operate the system. The team can 
communicate by prearranged Hashlight 
signals or by citizen's-band radio tele
phones. 

"The stationary mirrors must be in
stalled on solid supports. The length of 
the path from the first surface of the ro
tating mirror through all stationary mir
rors to the second surface of the rotating 
mirror must be measured as accurately 
as possible, preferably with a surveyor's 
transit. The technique of using the tran
sit is explained in all elementary text
books on surveying. Try to measure the 
path to within at least 30 centimeters. 
Put the observing screen at least 18 me
ters from the rotating mirror. 

"Adjust the condenser lens to the po
sition where the slit is filled with the im
age of the arc and the images of the tips 
of the glowing electrodes fall on the slit 
screen outside the jaws of the slit. For 
the initial trial the width of the slit can 
be set at about three millimeters. The 
collimating lens is then placed at a dis
tance slightly greater than its focal 
length from the slit and in line with the 
rotating mirror. 

"At the center of a six-inch square of 
white cardboard draw a circle equal in 
diameter to the diameter of the collimat-

in slit Bereet! 
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ing lens. With the arc lamp in operation 
and the rotating mirror blocked in any 
position at which it reflects light in a 
convenient direction, have an assistant 
intercept the collimated beam about a 
meter from the mirror with the screen of 
white cardboard. The diameter of the 
spot of light that falls on the cardboard 
must equal the diameter of the circle on 
the card. If it does not, move the colli
mating lens toward or away from the 
slit until the diameters match. 

"Meanwhile a second assistant should 
monitor the arc lamp and adjust the 
electrodes to maintain the size of the 
arc. The first assistant then moves about 
10 meters farther away from the mirror 
and checks the diameter of the beam 
again to see if the collimating lens needs 
further adjustment. The collimation ad
justment is adequate when the diameter 
of the light beam remains unchanged 
through a distance of 20 meters. 

"All my stationary mirrors were fitted 
with dust covers. To prevent dew from 
forming on the surfaces do not remove 
the covers in the evening until the 
temperature stabilizes. The experiment 
should be undertaken only during fair 
weather with little or no wind. 
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"The rotating mirror and the first aux
iliary mirror are now adjusted to reflect 
the beam to the first stationary mirror, 
where an assistant sights on the beam 
and positions the mirror to intercept it. 
The rotating mirror should then be 
locked so that it cannot turn. (The slight
est fraction of a degree of rotation will 
throw the beam off target.) The clamp
ing screws of the auxiliary mirror are 
carefully tightened. Only the screws that 
control the horizontal translational ad
justment of the first stationary mirror 
should be tightened at this point. The 
second stationary mirror is aligned with 
the first, and the vertical and horizontal 
rotational screws of the first mirror and 
the horizontal translational screws of 
the second are tightened. 

"The second stationary mirror is now 
aligned with the reverse side of the ro
tating mirror. After the second auxil
iary mirror on the image-viewing plat
form has been adjusted to reflect the 
beam through the focusing lens the slit 
should be visible on the viewing screen. 
The width of the slit is adjusted at the 
optical bench for the best quality of im
age, and a fine line is drawn on the re
cording table to indicate the zero posi-

tion of the slit image. The rotating mir
ror is freed and the light is directed to 
the phototube housing, which is turned 
so that the cathode of the phototube in
tercepts the beam squarely. 

"A team of three people is also need
ed to operate the apparatus. One mem
ber observes the waveform on the oscil
loscope and adjusts the autotransformer 
to maintain the speed of the rotating 
mirror at exactly 7,200 r.p.m. Another 
maintains the spacing between the elec
trodes of the arc to illuminate the slit 
uniformly. The third keeps the pointer 
aligned with the image of the slit and 
measures the excursion of the image 
from its zero position. 

"After the apparatus has been turned 
on and has warmed up, the double-pole, 
double-throw switch is operated to dis
play the 60-hertz wave of the power 
supply. The sweep rate of the oscillo
scope is adjusted to form exactly one 
complete sine wave. The switch is 
thrown to its other position, and the 
autotransformer is adjusted to the point 
where the oscilloscope displays two nee
dlelike spikes. If the amplitude of the 
spikes appears to exceed the height of 
the oscilloscope screen or the waveform 
is otherwise distorted, the width of the 
photo tube window and the controls of 
the oscilloscope are adjusted experimen
tally until two distinct spikes are dis
played. When they appear, stop the mo
tor. Recheck the zero position of the slit 
image by adjusting the rotating mirror 
by hand. 

"The motor is started again and grad
ually brought up to speed (7,200 r.p.m.) 
by means of the autotransformer. The 
observer follows the displacement of the 
image of the slit by moving the point
er until the motor operator announces 
'7,200 r.p.m.' He then reports that he 
has recorded the position of the dis
placed image. The system can now be 
turned off. 

"The observer measures the distance 
between the line on the recording table 
(zero) and the tip of the pointer at its 
displaced position to the nearest .01 
centimeter, using a vernier caliper and a 
magnifying glass. Repeat the experiment 
at least 10 times. The average of 10 or 
more measurements of the displacement 
of the image is accepted as the final 
result. 

"The velocity of light is now calcu
lated as follows. The total distance trav
eled by light from the front of my rotat
ing mirror to its reverse side was 1.131 
kilometers. The distance between the 
rotating mirror and the image of the slit 
on the screen was 1,857 centimeters 
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Why it pays to invest in the world's 
most expensive 3Smm SLR camera. 

The new Leicaflex SL-2 offers mechanical and optical 
precision and many new features that make it well worth its price. 

But even more than that, it is also a Leica, with the cele:
brated "Leica feel:' And it has another Leica quality: the ability to 
hold or increase in value over time. (Early Leicas have increased 
to nearly three times their original value, some tenfold.) 

The new SL -2 is a superb camera. And because it is a 
Leica it can be a great investment. 

For the franchised dealer nearest you, call toll-free: 
800-325-6400 (in Mo. 800-342-6600). 7 () 

E. Leitz, Inc., Rockleigh, N.J. 0764�ei£.C! 

Cloud-Solt Travelers 
Goose Down 
Sox tor Men 
and Women 

Slip on a pair of these to keep your feet warm 
in sleeping bag or bed; as inner sox for jnsu� 
!ated pacs or waders. Downright comfortable 
tr a v el slippers. Bauer Goose Down quilted in 
toug h, washable Nylon taffeta. Color.: Red, 
Winter Blue, Taupe, Powder Blue. Specify shoe 
size and we will send a proper fit. 0123 Goose 
Down Sox, pair $9.95 postpaid. 

r Order Today! Money Back Guarantee! • 
I 
I Enclosed is my check or money order for 

I $--- . (Add sales t ax where applicable.) 

I Please RUSH my 0123 Goose Down Sox. : Men's 5ize ___ Color ______ _ 
Women's Size--_Color ____ _ 
Name ____________ _ 
Address ___________ _ 
City _____________ _ 
5tate ________ Zip ___ _ 
o Send me FREE your new color catalog of 
over 1200 exciting outdoor products. 

Dept. BSA, 1737 Airport Way S., Seattle, Wa. 98134 
--------------------
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A great camera can be a great investment. 

Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-school-park-club-churches-Iaboratory 

Unique instructional games designed by uni
versity professors to make learning fun 
through brain-to-brain action. Beginning games 
can be mastered by y.oung children-- final games 
will challenge intelligent adults. These are 
the famous GAMES fOR THINKERS from 
Wff 'N PROOf Publishers. 

WfF 'N PROOF (logic) 

QUERIES 'N THEORIES (science) 

EQUATIONS (mathemotics) 

ON-SETS (set theory) 

PROPAGANDA (sociol studies) 

ON·WOROS (word structures) 

CONFIGURATIONS (geometry) 
TRI-NIM (problem solving) 

REAL NUMBERS (orithmetic) 

WFF (beginner's logic) 

QWIK·SANE (puzzle) 
TAC·TlCKLE (pure strotegy) 

Teachers Manual 

THINKERS Bookends 

12-Kit THINK TANK & Teachers Monual 

With THINKERS Bookends (sove $10.75) 
Without Bookends (save $4.75) 

13.00' 
13.00' 
10.00' 
10.00' 
11.00' 
10.00' 

6.75-
5.75' 
2.25-
2.25-
2.25-
1.75-
1.25' 

16.00' 

94.50-
84.50-

* postage & handling included in above prices 

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

Gifts that are a COMPLIMENT to rece,ve' 

(60.93 feet). The displacement of the 
image on the screen between its zero 
po�ition and its final position averaged 
(for 10 measurements) 10.55 centime
ters. The average angle through which 
the rotating mirror turned from the po
sition of zero image displacement to the 
average final position of image displace
ment is equal to arc tangent 10.55/ 
(2 X 1,857) = .1627 degree. The motor 
was turning the mirror at the rate 
of 7,200/60 = 120 r,p.m" or 120 X 
360 = 43,200 angular degrees per sec
ond. Light traveled from the front sur
face to the reverse surface of the rotat
ing mirror during the time required for 
the mirror to turn .1627 degree in 
.1627/43,200 or 3,766 X 10-6 second. 
According to these measurements, light 
would travel in one second 1.131/ 
(3.766 X 1O-6) = 300,318 kilometers per 
second (186,608 miles per second). As I 
have mentioned, the accepted value for 
the velocity of light in air is 299,792.5 
kilometers per second. 

"ObViously my measurements require 
refining. For example, with my apparat
us an error of .01 centimeter in read
ing the displacement of the image of 
the slit leads to an error of about 200 
kilometers per second in the calculated 
speed. The timing of the speed of the 
rotating mirror is equally critical. Al
though the 60-hertz frequency of public
utility power lines is carefully monitored 
so that electric clocks keep reasonably 
good time on the average, the rate at any 
specific instant may well be a few tenths 
of a hertz too high or too low. I recom
mend that the speed of the rotating 
mirror be checked against a frequency 
standard of known accuracy, such as the 
500- or 600-hertz signals that are trans
mitted by radio stations WWV (Colo
rado) and WWVH (Hawaii) on the car
rier frequencies of 2.5, 5, 10, 15 and 20 
megahertz by the National Bureau of 
Standards. Other refinements that would 
improve the accuracy of my system 
would include a more accurate measure
ment of the optical path and indeed of 
all other dimensions. 

"Investigators have been attempting 
to determine the value of c, the velocity 
of light, fpr more than 300 years, Its de
termination to within a few meters per 
second still eludes the best experiments, 
In fact, it has been suggested in recent 
years that nature does not impose an ab
solutely fixed speed limit on the universe. 
Does c change with the passage of time? 
Amateurs may not find it possible to 
build apparatus capable of checking that 
question, but it is both informative and 
fun to try." 
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Keeping 
anopen 
mind. 

The PROM, 
invented 

by Harris, 
, , 

IS a semI-

conductor 

memory CI' rcu I't Harris PROM (Programmable Read-Only Memory) 
Integrated Circuit 

with an "open mind", Computer makers 
can program it themselves, They don't need 

to buy and keep on hand a lot of different 
pre-programmed circuits that 

design changes can make obsolete, 

Write: Harris Corporation, 

55 Public Square, Cleveland, Ohio 44113, 

COMMUNICATIONS AND 
INFORMATION HANDLING 
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From our treasure house of books 
on the natural sciences, pick a few 
treasures for yourself. 
Or as gifts. 

Th.ke any3 
:���to for only 99Ceach 
(If you will join now and agree to toke 
only 3 more books-at handsome 
discounts-within the next 12 months.) 

Naturnl Science Book Club 
(Publishers' Prices shown.) 
69280. PICTORIAL GU.IDE TO PLANET EARTH; 
Frederick I. Ordway III. An impressive collection 
of over 150 photographs of the earth taken from 
outer space. Authoritative 4O,()(X)-word text tells how 
satellite photography is already saving America bil
lions of dollars each year. S12.95 
37195. BY THE EVIDENCE. L.S.B. Leakey. Fascin· 
ating autobiography of one of the century's greatest 
paleontologist's life and work from 1926 to the early 
1950s. S9.95 
42325. THE DISCOVERY OF OUR GALAXY. 
Charles A. Whitney. A distinguished Harvard astron
omer recreates the lives and discoveries of great 
astronomers-from the sixth century B.C. to black 
holes. pulsars, supernovae. and Seyfert galaxies. 

SI0.00 
46500. THE EVOLUTION OF RADIO ASTRON· 
OMY. 1.5. Hey. One of the pioneers of radio astron
omy offers an absorbing history of this powerful 
technique's remarkable development. " . .. an impor
tant work in the history of astronomi'-M. L. Meeks, 
in Sky and Telescope. SI0.00 
50220. THE GENTLE TASADAY. John Nance. A 
veteran journalist's first-hand account of how these 
primitive food-gathering people were found. what 
scientists have discovered about their culture, and 
what the future holds for them. SI5.00 
87195. WILD CATS OF THE WORLD. G.A W 
GUf;!f;!isberf;!. One of the world's leading authorities on 
wild cats offers definitive natural histories of each of 
the 37 species of wild cats. S15.95 
58675. THE LIVING WORLD OF AUDUBON. 
Roland C. Clement. "Offers a superb reproduction 
of both Audubon's work and that of present day 
biologist-photographers:'-Joseph Bell. Curator of 
Ornithology. The New York Zoolof;!ical Sociecy. 128 
pages of full-color pictures. Counts as 2 of your 3 
books. S25.00 

How the Club Operales • The Book Club News� 
describing the coming Main Selection and Alter-

��������o
i���;��I�.

e 
.
sIft

y
t�J�is� :�m;�r�h�:! 

the Main Selection. do nothing and it will be 
shipped to you automatically . • If you prefer one 
of the Alternates. or no book at all. simply indi
cate your decision on the reply form always en
closed with the News and mail it so that we receive 
it by the date specified . • The News is mailed in 
time to allow you at least to days to decide if you 
want the coming Main Selection. If. because of 
late !1lail delivery of the News� you should ever 
receive a Main Selection without having had the 
10 day consideration period. that Selection may 
be returned at Club expense . • Continued mem
bership (after purchasing 3 books) brings you the 
added benefit of our Bonus Book Plan. 

40680. COSMIC CONNECTION. Carl Sagan. Cool. 
no-nonsense introduction to exobiology-a decade
old science dedicated to the study of possible extra
terrestrial life. 87.95 
54240. HUNTING FOR DINOSAURS. Zolia Kielan· 
Jaworowska. The three-year effort to find and de
cipher the meaning of the ancient bones that litter 
the Gobi desert. Crammed with fascinating descrip
tions of dinosaurs and their evolution, the Gobi and 
its people. and the team's work and discoveries. 

SI2.00 
34260. APES. MEN. AND LANGUAGE. Eugene 
Linden. Explores the exciting experiments by psy
chologists who achieved remarkable breakthroughs 
in teaching chimpanzees to communicate. 88.95 
36141. BEYOND STONEHENGE. Gerald S. Hawkins. 
The astronomical significance of ancient sites such 
as the temples of the Nile, Mayan ruins, the enormous 
linear drawings in the Peruvian desert. and the huge 
geometrical earthworks of the U.S. 810.00 
84210. TillS LIVING REEF. Douglas Faulkner. Lav· 
ishly illustrated word-and-picture masterpiece on one 
of the South Pacific's most beautiful island chains. 
Outsized volume contains 120 pages of glorious six
color pictures-all with detailed fascinating com
mentaries. Counts as 2 of your 3 books. 825.00 

-----------.. • Natural Science Book Club 4-9AB • Riverside. New Jersey 08075 • 
Please accept my application for membership • and send me the three volumes indicated, billing • 
me only 99¢ each. I agree to purchase at least • three additional books during the first 12 months • 
1 am a member, under the club plan described in • this ad. Savings range up to 30% and occasionally • 
even more. My membership is cancelable any • time after J buy these three books. A shipping 
and handling ch�r-.&e is added to all shipments. • 
Send no money. Members are billed when books 

I arrive. • 
3 books for 99� each. I Indicate by number the 3 books y ou wanl. I • I II I I I • 

• A few expensive books (noted in book descrip- • tiom) count as 2 choices. 

• Name __________ • • 
Address ______________ 

• 
• 
• 
I 

City State ___ Zip ____ 
• 

(Offer good in Continental U.S. and Canada only .• 
Prices slightly higher in Canada.) Books pur
chased for professional purposes are tax-deduc- • 
tible .. 

34310. ARCHAEOLOGY BENEATH THE SEA. 
Georf(e F Bass. Exciting account of how the under· 
water exploration of a Syrian trading ship sunk in 
1200 B.C. off the coast of Turkey paved the way for 
the science of underwater archaeology. 812.50 
84605. THE TREASURES OF TU TANKHAMUN. 
I.E.5. Edwards. An elegant portrait by the world's 
foremost Egyptologist about Tutankhamun-his life. 
his spectacular treasure. and its incredible discovery. 
Lavishly illustrated with nearly 200 pictures (many 
in full color). SI4.00 
48470. FIELDBOOK OF NATURAL HISTORY. 

E. Laurence Palmer and H. Seymour Fowler. The 
most authoritative and comprehensive guide to nat
ural history available. Over 2.000 illustrations. ex
plores all major plant and animal species and pre
sents hard-la-find information on rocks and minerals. 
the earth. moon. sun. and planets. and space explora
tion. Counts as 2 of your 3 books. 819.95 
62630. THE MILKY WAY. Fourth Edition. Bart Bok 
and Priscilla Bok. A thoroughly updated and expand
ed edition of the most popular book on our galaxy. 

SI5.00 
52125. THE HABI TAT GUIDE TO BIRDING. 
Thomas P McElroy. Jr. How to classify birds not 
only by the physical characteristics. but also their 
terrain. Covers patterns of behavior. nesting habits. 
markings. seasonal movements. and much more. 

SS.95 
88030. THE Y EAR OF THE BUT TERFLY. George 
Ordish. A veteran entomologist offers a fascinating 

account of every aspect of the natural history of the 
monarch butterfly. S7.95 
34720. ATLAS OF ANCIENT ARCHAEOLOGY. 
Edited by Jacquecta Hawkes. With the aid of over 
350 maps. site plans, and drawings. two dozen inter
nationally renowned archaeologists highlight 170 
major sites throughout the world. 819.50 
85820. VENOMOUS ANIMALS OF THE WORLD. 
Roger Caras. One of America's pre-eminent nature 
writers explores the entire scope of this remarkable 
group of animals-from the common honeybee and 
ant to such exotic, and often deadly, creatures as the 
black widow spider. Counts as 2 of your 3 books. 

S25.00 
42485. DOCTOR IN THE ZOO. Bruce Buchenholz. 
Offers a fascinating tour behind the fences and moats 
of the Bronx Zoo revealing its veterinary care and its 
daily operation. Includes 182 photographs. S10.95 
78680. SNAKES OF THE AMERICAN WEST. 
Charles E. Shaw and Sheldon Campbell. Two skilled 
herpetologists explore virtually everything that is 
known about the snakes of the American west
their habits and habitats. their appearances and char
acteristics. 812.50 
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by John Tyler Bonner 

SOCIOBIOLOGY: THE NEW SYNTHESIS, 
by Edward O. Wilson. The Bel
knap Press of Harvard University 

Press ($20). This is a book of major im
portance. It is the product of a remark
able scholar who only four years ago 
produced an enormous and definitive 
book on the social insects. There is, how
ever, a big difference between these two 
monuments of Edward Wilson's. The In
sect Societies is the final and authorita
tive work on the subject of the so
cial forms of insects. It totally supplants 
the classical studies of William Morton 
Wheeler and others, and it is unlikely 
that it will be superseded until Wilson 
himself writes a second edition. The In
sect Societies caps a subject that has 
been one of active investigation for lit
erally hundreds of years. Wilson's sec
ond monument, Sociobiology, is equally 
impressive in its simplicity and clarity, 
in its enormous intelligence, even in its 
size. Instead of capping the subject, how
ever, it begins a new field that undoubt
edly will hold a central position in biol
ogy, and perhaps in sociology too, for 
many years to come. It is quite an ex
traordinary beginning. I do not mean to 
suggest that Wilson has invented all the 
ideas that will form the basis of the work 
in the next 20 years, but rather that he 
has identified and brought together in 
one tome all those elements that will be 
the ingredients of the sociobiology of the 
future. 

He himself recognizes the preliminary 
nature of these ideas. To the biologist he 
is saying, "You have masses of facts and 
a substantial body of integrating theory; 
do you not realize that this is a subject 
of prime significance in biology today?" 
To the social scientist he is saying, "This 
is what the biologist has to offer; surely 
this must be of consequence to you and 
to the future of your study of man." In 
spite of the fact that the subject of socio
biology is in its infancy, it is quite pos
sible that these contentions are true. 

BOOKS 
A new synthesis of the principles 
that underlie all animal societies 

In Wilson's view there is an important 
difference between sociology, as it is con
ceived today, and sociobiology. It is a 
difference that revolves around the fact 
that sociobiology, in contrast to sociol
ogy, is ruled by natural selection. He 
points out that sociology is still in a de
scriptive phase where correlation and 
"unaided intuition" play an important 
role. He compares this phase to the state 
of taxonomy before the enormous influ
ence of population genetics and the mod
ern synthesis of evolutionary theory. So
ciobiology can, along with taxonomy, be 
understood in terms of neo-Darwinism. 
Indeed, it is this fact alone that gives 
sociobiology the guiding principle that 
will make it a significant and profound 
study. It is natural selection that shapes 
the groupings of animals, and from this 
vantage we can see how animal societies 
repeatedly evolved, why some societies 
differ and others are functionally very 
similar and how the differences or simi
larities bear no necessary rei a tion to the 
animals' phylogenetic connections. 

The key word is "functional," because 
in natural selection it is the function that 
is selected for. Animal societies are 
shaped by selection, so that certain func
tional or adaptive traits are achieved 
and maintained. This is quite a different 
proposition from the mere description of 
the integration of various social groups, 
and it is exactly such description that 
Wilson considers equivalent to pre-neo
Darwinian taxonomy. 

To say that sociobiology is solidly 
based on the principle of natural selec
tion is a sound beginning that will please, 
but not surprise, the modern biologist. 
The question is what to say next. How is 
one to build a theoretical scaffolding to 
encompass the entire large subject? In 
other words, how can one proceed from 
the anecdotal to the analytical? 

Wilson makes a good beginning. It is 
true that before he is off and running he 
devotes much space to carefully defining 
a number of words so that he can use 
them unambiguously. I confess to a cer
tain nervousness when I see a long string 
of definitions. I automatically suspect 
that the subject is opaque and that the 

author is going to make a valiant attempt 
to ignore the fact by establishing a set of 
consistent and logical propositions that 
are self-contained but give no insight 
into the scientific problem. Wilson does 
not, however, pour in philosophy when 
the science gets difficult; he sticks faith
fully to the biological problems. 

There are three major themes that are 
the foundation of Wilson's sociobiology: 
one is an analysis of those characters of 
organisms that make social groupings 
adaptive, the second is the genetic and 
population-biology basis of sociality and 
the third is the study of the ecological 
factors that shape particular kinds of 
social groups. 

On the first of these themes Wilson 
calls those traits that make social groups 
adaptive the "prime movers" in social 
evolution, and he considers them in the 
category of natural history rather than 
theory. That is surely correct at this in
fant stage of sociobiology, but the adap
tations he describes, or better, the selec
tive forces that give rise to the adapta
tions, are the basic raw material for any 
future theory. Let me give some of his 
examples. He points out, for instance, 
that social grouping proVides defense 
against predators. The instances of this 
among vertebrates are numerous. In 
gulls there is the famous (and at one time 
controversial) study of F. Fraser Darling, 
who showed that large sea-gull colonies 
were self-stimulating and that their egg 
production was better synchronized than 
it was in small colonies. The chicks 
hatched at the same time and therefore 
were vulnerable to predators only for a 
limited period, which improved their 
chance of survival. Other strategies that 
make social grouping adaptively advan
tageous are increased feeding efficien
cy, penetration of new adaptive zones, 
increased reproductive efficiency, in
creased survival at birth, increased 
population stability and greater ability 
to modify the environment. 

The power of Wilson's work is in the 
richness of the examples he brings to 
bear on these points. To give one, he 
shows that honeybees have been able to 
modify their environment solely by vir-
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tue of their social groupings. Specifically, 
they can to a remarkable degree control 
the internal temperature of the hive. By 
fanning water droplets the bees can cool 
the hive through evaporation, and they 
can raise the temperature through the 
heat of muscle contraction. In this way 
they keep the hive between 34.5 and 
35.5 degrees Celsius all through the for
aging season from very cold nights to 
extremely hot days (up to 70 degrees C., 
or 158 degrees Fahrenheit). Such hom eo
thermy is impossible for solitary bees. 

Turning to the genetic basis of a social 
existence, it is remarkable how clearly 
Darwin understQod the difficulties social 
insects presented to his theory of natural 
selection. All the worker insects are ster
ile and therefore are not directly respon
sible for reproduction, and reproductive 
success is the ultimate goal in Darwinian 
selection. The answer is that somehow 
the success of the queen in procreating 
must be enhanced by the presence of the 
workers so that they do contribute to the 
ultimate reproductive success of their 
species. There is something in the social 
existence of these insects that ensures 
this reproductive success of the colony; 
the cost of all the neuter workers must 
be more than paid by the success of re
production; otherwise they would never 
have arisen by selection. As Darwin un
derstood, the same restriction of the re
productive powers can be applied to 
multicellular organisms, where the ma
jority of the cells are not capable of re
production in the sense of giving rise to 
a new individual; that property is con
fined to the sex or germ cells. In both 
cases the cost of making these nonrepro
ductive individuals or cells must be less 
than the strategic advantages of having 
the sterile tissue to improve reproduc
tive success. 

The revolution in our understanding 
of this process came in the early 1960's 
with an extraordinary paper by William 
D. Hamilton of the Imperial College of 
Science and Technology, who showed 
that because of a genetic peculiarity of 
the Hymenoptera (bees, wasps and ants) 
the sterile workers are more closely re
lated to one another than brothers and 
sisters are among most other organisms, 
such as ourselves. We share, on the aver
age, half of our genes with our siblings, 
and an ant worker shares three-quarters 
of its genes with its sisters. It is well 
known that advanced sociality arose in
dependently many times among the in
sects for which this is true, but it arose 
only once (with the termites) among in
sects whose brothers and sisters share 
half of their genes. 

Because of the multiple social suc-
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cesses of the Hymenoptera, Hamilton 
suggested that by being closely related 
they lower the cost of becoming social. 
To a greater extent they are saving their 
own genes by their industry and sacri
fice. Ultimately it is the genes that are 
selected, and therefore altruism results 
in the preservation of those genes. In 
an individual multicellular organism the 
cells are usually genetically identical, so 
that the same argument can be made 
there. Indeed, it is an even stronger ar
gument, since the cells of the body share 
all the genes of the sex cells. This phe
nomenon where altruism pays in terms 
of conserving genes is known as kin se
lection. It has become a pillar of our un
deI'standing of how sociality might have 
arisen by na tural selection. 

Related to kin selection is the whole 
matter of group selection. Does selection 
always act on individuals or can it act 
on entire groups in a population that is 
spread into discrete small pockets? In 
this case kinship need play no part, but 
certain altruistic traits could arise sim
ply because those groups that includ
ed altruistic individuals might have 
an advantage (perhaps by chance) 
even though some individuals within 
the group would be at a disadvantage. 
Group selection and kin selection are 
such rapidly moving subjects that al
ready Wilson's careful analysis is some
what dated. There has been intense con
troversy over group selection, but as 
Robert M. May of Princeton University 
has pointed out in a persuasive essay 
(Nature, Vol. 254, page 485; 1975), 
there are in fact a variety of situ a tions 
where group selection could operate. 

Wilson goes beyond these major fac
tors in the population genetics of social 
groups to provide all of what he believes 
to be the relevant principles of popula
tion biology. Indeed, he gives a brief 
course in the entire subject. The points 
he makes are too numerous to list, but 
he leaves no doubt that the population 
biology of animal societies has an im
portant future. 

Still another way of looking at the 
basis of sociobiology is to find the eco
logical correlates of SOCiality: What en
vironmental conditions have promoted 
a social existence? This is the least de
veloped of all the foundations of socio
biology, and perhaps for that reason it 
is one of the most interesting. As Wilson 
points out, in some instances there is a 
correlation with habitat. For example, 
those animals that have moved from the 
forest to the grasslands have in general 
increased their social integration. There 
are, however, many exceptions. In the 
case of the primates correlations with the 

environment are particularly tenuous, 
yet because of these animals' large brain 
size their social organization can be par
ticularly complex. 

This leads to the subject of animal be
havior, which has been the main ap
proach to the study of animal societies 
in the past. The subjects of communica
tion, aggression, territories, parental 
care, social symbiosis and many others 
are considered in detail and with impres
sive care by Wilson. Indeed, he brings a 
special kind of balance to the discussion 
that is admirable. He makes it abundant
ly clear that even though these studies 
are fascinating and important, they do 
not address themselves (as the points 
discussed here do) to the question of why 
animal societies exist in the first place 
but rather to how they work. Wilson 
calls them the "social mechanisms." 

One of the reasons behavior is a sub
ject of such importance is that as one 
goes up the social scale from insects to 
primates it is clear that the brain itself 
is undergoing enormous change. This 
has meant a proliferation of signals and 
a corresponding increase in the subtlety 
of responses to the signals. In the course 
of evolution the genetically and ecologi
cally determined social group takes on 
a life of its own with the higher verte
brates. And when one reaches man, the 
force of this idea becomes overwhelm
ing. 

All sensible biologists are apprehen
sive about human sociology. It seems to 
be a quagmire, a murky mixture of the 
obvious and the obscure. It is prolix and 
wrapped in a jargon that repels the 
hardiest reader. The more primitive the 
society, the more antlu'opological the so
ciology, the happier the biologist. Yet at 
the same time this does not represent any 
lack of interest in the subject. There is 
a certain satisfaction in seeing Wilson 
sneak up on sociology through the social 
animals. One expects to be shown that 
our social actions do, after all, have a 
biological basis, and to a considerable 
extent that expectation is justified. One 
cannot forget, however, how different 
from all other animals man really is, and 
how all these differences seem to be as
sociated with the extraordinary tumor
like growth of the brain starting only a 
few million years ago. 

The question I cannot answer is how 
this book will affect the sociologist. Will 
it give him a perspective that he will find 
valuable and useful? I should think that 
the answer must be yes. I doubt that it 
will have an immediate influence, simply 
because the subject of sociobiology is it
self in a fetal stage. As it matures it will 
develop its own rigorous theory, and 
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Probing the 
High Energy Uni"erse 

Since radio astronomy began, only a few decades ago, 
some brand new words have been added to the dictionary. 
Pulsar, quasar, black hole ... these are only the most talked 
about objects and there are more questions about them 
than answers. How do these largely invisible but annihilat
ingly powerful generators of electromagnetic energy fit 
into man's basic theories of physics? Or do they fit? Are we 
on the verge of fundamental changes in scientific thought? 

To find preliminary answers, instrumented balloons and 
rockets were sent above most of the Earth's atmosphere, 
starting soon after World War II. Then, small satellite 
observatories made better measurements. But the need for 
more prolonged observations and bigger instruments, with 
wider apertures, was obvious. 

Now, NASA has given TRW the task of building a 
series of High Energy Astronomy Observatories and inte
grating their complex and massive experiments. HEAO-A 
will systematically map all significant high-energy sources 
over the entire celestial sphere. HEAO-B will point its 
wide-aperture X-ray telescope at objects of particular in
terest and measure their emissions with about 10,000 times 
the sensitivity of any previous instrument. HEAO-C will 
scan for cosmic and gamma-ray sources. The results may 
give us new insights into the physical processes which 
produce such interesting objects as pulsars, quasars, black 
holes, and other exotic astronomical phenomena. 

The HEAO program is only the latest in nearly two 
decades of TRW projects designed to help NASA explore 
the solar system and the universe beyond. Back in 1958 
our Pioneer 1 was the first spacecraft ever built by a pri
vate firm and the first of a whole series of low-cost, and 
highly reliable, interplanetary spacecraft. During the 1960s, 
TRW built the Orbiting Geophysical Observatories for 
NASA, to map the Earth's magnetosphere and provide 
data on phenomena that affect long-distance ·communica
tions, In 1970-71, we built Pioneer 10, which made the 
first transit of the asteroid belt, the first close-ups of 
Jupiter, and, in 1987, will become the first man-made 
object to leave the solar system. Pioneer 11 has now swung 
round Jupiter and is heading for Saturn. 

Space instrumentation is another long suit at TRW. 
Our Viking Lander Biology Instrument, a masterpiece of 
miniaturization and automation, is scheduled to reach 
Mars on July 4th, 1976, and start analyzing soil samples 
for signs of life. Another TRW instrument on Viking 
will make meteorological measurements. 

If you'd like to know more about TRW in general and 
our HEAO work in particular, write: 

TRW. 
SYSTEMS GROUP 

Attention: Marketing Communications, E2/9043 
One Space Park Redondo Beach, California 90278 
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then it will help to point the way to a 
deeper understanding of man and his 
social organization. 

What Wilson has done is to make it 
possible to begin seriously the study of 
animal societies in a way that was not 
possible before. He thinks of his book as 
being a new synthesis, and clearly it is: 
by virtue of its putting together, with 
perception and clarity, with imagination 
and even with beautiful illustrations, an 
elegant compendium of all the significant 
things we now know about animal so
cieties. Rarely has the world been offered 
such a splendid stepping-stone to the 
exciting future of a new science. 

Shorter Reviews 

by Philip Morrison 

THE INTERNATIONAL BUREAU OF 

WEIGHTS AND MEASURES 1875-1975, 
edited by Chester H. Page and Paul 
Vigoureux. National Bureau of Stan
dards Special Publication 420. U.S. 
Government Printing Office ($3). FRAN

CIS PLACE AND THE EARLY HISTORY OF 

THE GREENWICH OBSERVATORY, by Der
ek Howse. Science History Publications 
($12.95). One way to distribute the load 
of our bicentennial recall of General 
Howe's search-and-destroy mission and 
its consequences is to seek other cen
tenary events. Here are two engaging 
celebratory scientific books that bracket 
the epoch of the Minute Men and their 
leaders, the one commemorating 1875 
and the other 1675. 

A hundred years ago, in May of 1875, 
the envoys of 17 nations signed in Paris 
the Treaty of the Metre, binding their 
states to "establish and maintain, at their 
common expense, [an] international bu
reau of weights and measures, the loca
tion of which shall be at Paris." The first 
of these two books, well illustrated by an 
agreeable mixture of historical and sci
entific images, is a translation of the offi
cial centennial volume prepared by the 
Bureau International des Poids et Me
sures that was set up by the treaty. The 
U.S. was a founding signatory and be
longs stilL (A few signatories, such as 
"His Majesty the Emperor of the Ot
tomans," withdrew later; Turkey came 
back in 1933; even the United Kingdom 
soon adhered.) Today some 43 states be
long, none contributing less than half of 
1 percent or more than 10 percent of the 
four million gold francs the BIPM budg
ets this year (up fortyfold from 1878). 
Plainly the nations did not adopt the 
metric system solely by treaty; they have 
separately made their way year after 
year, the U.S. being the last major hold-

out. The BIPM, in the lovely woods at 
Sevres (the site of the Trianon de Saint
Cloud), was created to provide the pre
conditions for an international system, to 
develop the techniques and hold the 
prototypes that fix the metric units, The 
metric units were of course the achieve
ment of revolutionary France, although 
the system became compulsory in France 
itself only in 1840. The BIPM authors 
express "a hope that the world will be 
100 percent metric at the end of the 
20th century." 

Their book chronicles not the com
mon use of the metric system but the 
work of the international laboratory of 
scientific metrology in the elegant Pa
villon de BreteuiL That laboratory is first 
among equals, a center uniting the vari
ous national standards laboratories now 
spread from Tokyo and Bombay to Len
ingrad and Pretoria. Here is the interna
tional kilogram under its triple glass 
dome, a platinum-iridium cylinder 39 
millimeters high, made by the London 
firm of Johnson, Matthey and Company 
around 1880 and defined as the unit of 
mass since 1901. (Among the three made 
then it was the closest to the mass of the 
platinum kilogram "of the Archives" de
posited as the prototype on the "4 Messi
dor an 7" of the Revolution.) The prime 
standard is used sparingly, having been 
involved in weighings only some 60 
times in a century. Its many stand-ins, in 
Paris and around the world, do the work 
(a few hundred weighings per year each) 
and take the wear. A mirror polish, spe
cial tweezers "furnished with velvet or 
chamois skin" and absolute avoidance of 
dragging a weight across its support 
keep the wear down, which means no 
serious loss of mass. Gain of mass is the 
result of pollution from the air, which 
brings dust, stain and tarnish. The costly 
alloy is a noble one, and a fine hair 
brush, solvent cleaning and a delicate 
jet of distilled-water steam fight the 
mass gain, Secondary prototypes show a 
fairly steady gain in mass from exposure 
to the laboratory air: about three micro
grams per year, which cleaning removes. 
Great care cuts mass loss, and triple
sealed storage in a partial vacuum re
duces the deposit of dirt. The standard 
is surely good to a few micrograms per 
kilogram, still 1,000 times better than 
the ingenious X-ray-interferometry mea
sures of Avogadro's number, which 
someday may enable us to tie macro
scopic mass directly to the atomic-mass 
unit. 

Weighing with the equal-arm balance 
is capable of an accuracy better than 10 
micrograms per kilogram, with the in
terchanging scheme invented by Carl 
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Friedrich Gauss to take care of the 
inescapable inequality of the balance 
arms, The balance delivered in 1878 by 
Rueprecht of Vienna remained the best 
available to the BIPM .into the 1970's! 
Only in the past few years has it been 
challenged by a remotely operated one
pan counterweighted balance, devel
oped first at our own National Bureau of 
Standards. This apparatus, used in an 
airtight dome, makes possible the com
parison of kilograms to within one micro
gram. One key element is the clever 
design of stops to ensure that the knife
edges are always loaded by about the 
same amount even while weights are 
being substituted. The disturbance of 
the contacts between the knife-edges 
and their Hat bearing surfaces is the 
main source of the inconstancy of bal
ance arms .. 

Almost everyone knows the classical 
length unit: one meter between the 
scratches on a polished X beam of plati
num-iridium. Those are some scratches 
too. Since 1937 they have been elegantly 
trimmed and dressed lines, very neat in 
photomicrographs, so that one can com
pare meter scales "with good lines" to 
about one part in 10 million. Thus far 
can we go with Newton and geometric 
optics. A. A. Michelson began the use of 
interferometry to specify the meter by 
an optical wavelength as early as the 
1890's. By 1960 the official meter defini
tion was given in terms of the orange 
line in the spectrum of krypton 86. The 
pure isotope, the absence of hyperfine 
structure in the spectral line, the use of 
a capillary glow tube and looking both 
with and against the ion drift to allow 
interpolation for Doppler broadening
all of this belonged to what one might 
cal! the classical period of atomic phys
ics, without quantum mechanics. It still 
works, but the krypton line remains in
trinsically widened by about one part in 
two million; these experts can split the 
spectral line perhaps fiftyfold, depend
ing on its very symmetrical shape, but 
that is their limit. Various krypton lamps 
differ from one another by several parts 
in a billion. The helium-neon laser 
locked to iodine absorption lines (with 
the newer quantum physics fully em
ployed) promises improvement by one or 
two powers of 10. Even now the speed 
of light is known to an accuracy mainly 
limited by the definition of the meter. It 
is a good bet that within a decade the 
BIPM will seek to redefine the meter in 
terms of the speed of light and the atom
ic frequency standard that fixes the sec
ond, using laser beats and lasers locked 
to saturated atomic absorption lines. 

Auxiliary quantities, such as the ac-
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celeration of gravity and the atmospher
ic pressure, are measured with virtuos
ity nowadays. Simple basic systems are 
used-a corner reHector tossed in a vac
uum, mercury-barometer tubes 40 milli
meters across-but data are taken by 
tricky electronic interferometry. The 
electrical units are discussed rather brief
ly; it is interesting that the farad is now 
the best-known absolute unit. An elec
trostatic theorem discovered by two 
Australian workers in 1956 makes it pos
sible to build real capacitors with a ca
pacity calculable in terms of one inter
ferometrically measured length and the 
known speed of light. 

There is much more here. The authen
ticity and detail of this small, generally 
readable book commend it to teachers of 
physics at any level. The precise realiza
tion of units has an intrinsic fascination, 
and the working out of the details is 
an illuminating test of comprehension. 
More advanced techniques, such as the 
Josephson junction and the proton mag
netic resonances, are described rather 
telegraphically, but a complete set of 
up-to-date references is given. 

In August of 1675 John Flamsteed, 
already appointed "astronomical obser
vator" to Charles II at a salary of 100 
pounds per annum, laid the foundation 
stone of the Royal Observatory on its 
beautiful grassy hill in Greenwich Park. 
He cast its horoscope for its moment of 
birth ("derisively," we are told) and 
added the Latin phrase "May this keep 
you laughing, my friends." The second 
of these books describes the history 
of the founding mainly in terms of a 
dozen contemporary etchings by the 
well-known Francis Place, after original 
drawings by one Robert Thacker. The 
plates are a delight to those who admire 
London or who take some interest in ei
ther the art or the science of King 
Charles's glorious Newtonian days. They 
show a map, many views of Sir Chris
topher Wren's splendid architecture ("It 
was for the Observator's habitation and 
a little for pomp," he wrote) inside and 
out and in plan, and views of the original 
instruments, both overall and in detail. 
(These are already deservedly popular 
postcards from Greenwich; collectors 
will particularly value this bound set.) 
The etchings were commissioned by 
Flamsteed's patron, the Surveyor Gen
eral of Ordnance, but were never pub
lished because of a complicated series 
of mischances. Only two sets of prints 
survive, both bound in incomplete cop
ies of Flamsteed's final work of 1712. 

This was relevant science, all right. It 
was Louise, the Duchess of Portsmouth, 
then Charles's favorite, who recom-

mended to the king "a bold and indigent 
Frenchman" who purported to ki:lOw 
how to find the longitude from easy ce
lestial observations. He required certain 
positional input data, and the king ap
pointed an expert committee-including 
Wren, Robert Hooke and later Flam
steed-to examine the matter. They 
thought little of the scheme, although 
"his Majesty [was] so daily imper
turbed" that a final answer had to be 
given. Flamsteed showed the French
man's proposal to be impractical: "We 
know better methods, upon which he 
huffed a little and disappeared."  

Once Charles learned that years of 
observation with telescopic sights to pre
pare star catalogues would have been a 
necessary condition for finding longitude 
by lunar position, he held that "the work 
must be carried out in a royal fashion . . . 
whereby navigation could be made saf
er." Then Wren suggested the site, went 
to the spot and drew up the plans. The 
excellent account does not omit a photo
graph of the present state of the observa
tory, now only a museum under Lon
don's no longer dark night sky. Wren's 
charming conception still reminds one 
of some giant baroque musical instru
ment against the sky, only slightly 
marred in its curving symmetry by some 
low added rooms and the famous time 
ball on the western tower. 

Even three centuries ago the worthies 
of the Royal Society knew that both 
relevant and philosophical purposes had 
to be served. The Royal Observatory had 
dedicated an instrument of large size
built in a vertical shaft 100 feet deep
intended by Flamsteed solely to measure 
the parallax of the star Gamma Draconis. 
It passed almost at the zenith of London, 
so that any refractive error was small. 
Flamsteed fixed a long-focus objective 
at the top of the shaft and observed 
from a couch· at the bottom through an 
eyepiece hanging on a plumb line. The 
device could not give the split-second 
accuracy needed for stellar parallax. The 
scheme never worked, and only two ob
servations with it were recorded. Engi
neering difficulties were blamed, and 
"the damp of the place." It is clear, how
ever, that although such an expensive 
measurement might place the sun and 
the earth in the scale of space, it could 
in no way improve navigation. Three 
hundred years of science have not re
laxed the essential tension of those dual 
purposes. 

U LTRASONIC COMMUNICATION BY ANI

MALS, by Gillian Sales and David 
Pye. Halsted Press Division of John Wi
ley & Sons ($15.75). A cacophony of 
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clicks, chirps and songs of every kind 
vibrates through sea and air, the two 
acolistic mediums in which animal forms 
are immersed. At the low-frequency end 
the acoustic band is limited mainly by 
the ineffiCiency with which small radia
tors generate long waves (a good bass 
speaker needs a big baffle); at the high
frequency end it is slowly cut off by the 
molecular absorptions of the medium. 
In dry air the half-distance of a 150-
kilohertz (150,000-cycle-per-second) ul
trasonic beam is only a meter, and water 
vapor greatly increases the loss. In air a 
one-kilohertz tone falls to half-strength 
in 60 meters. Seawater opens a long-dis
tance channel: an audio tone is absorbed 
there only after a transoceanic path, 
and even up at 100 kilohertz the half
path reaches 100 meters. Directionality 
is more easily gained at shorter wave
lengths, where a postcard can bounce an 
ultrasonic echo that it takes a cliff to 
match at the wave band of a human 
shout. 

Our ears cover the sonic band from a 
couple of tens of cycles per second to 
some 20 kilohertz, but living forms from 
crickets to whales extend the upper lim
it to a couple of hundred kilohertz, and 
not all of them have to pay for that in 
lowered bass sensitivity. The ultrasonic 
world is quieter than the sonic, mainly 
because its sounds are more local. A 
dense fog is as impenetrably dark to ul
trasound as it is to light-more so, since 
its droplets are absorbent and hence 
"black" to sound, rather than scattering 
("white") as they are to light. 

By 1960 we knew well that many bats 
operate an elaborate system of location 
by ultrasound. Capacitance microphones 
are still standard for picking up bat 
voices; cathode-ray oscilloscopes with 
cameras were the main tools for entry 
into this world, an entry pioneered be
fore World War II by Donald R. Grif
fin. A variety of more modern radio 
techniques, briefly described in this ad
mirable review volume by two London 
investigators, now give fieldworkers a 
great deal more facility in detecting and 
recording. By 1970 Kenneth D. Roeder 
and his school had found adaptations in 
nocturnal insects to counter the sonar of 
their cunning bat predators, urgent 
countermeasures in the Fifty Million 
Years' War. 

Two major chapters of the book re
view what we now know of this pro
tracted acoustic struggle. Bat sonar is 
an advanced technology. There are bats 
that emit swept-frequency pulses whose 
echoes prOVide excellent range informa
tion as well as direction. Other bats emit 
long constant-frequency pulses and seek 
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Inside Nature every week is the whole spectrum 
of scientific thinking, providing a vital and broad 

perspective for the specialist. 

Start a year's subscription by sending $95 
(surface rate) or $118 (airmail rate) to: 

Nature (SAp') Subscription Department, 
Macmillan Journals Ltd., Brunei Road, 

Basingstoke RG21 2XS, England. 

nature 
Multi-disciplinary and immediate. 

You'll never reap g 
and proud accomplishment, more benefit 
for the whole family, than by assembling 
your own Schober Electronic Organ. 
You need no knowledge of electronics, 
woodwork or music. Schober's complete kits 
and crystal-clear instructions show you
whoever you are, whatever your skill (or 
lack of it) - how to turn the hundreds of 
quality parts into one of the world's most 
beautiful, most musical organs, worth up to 
twice the cost of the kit. 

Five superb models, with kit prices from 
$575 to around $2,300, each an authentic 
musical Instrument actually superior to most 
you see In stores. 

Join the thousands of Schober Organ 
builder-owners who live in every state of the 
Union. Often starting without technical or 
music skills, they have the time of their lives 
-first assembling, then learning to play the 
modern King of Instruments through our 
superlative instructions and playing courses. 

Get the full story FREE by mailing the 
coupon TODAY for the big Schober color 
catalog, with all the faSCinating details! 

--------------
.97� Organ Corp., Dept.SA-21 I 143 West 61st Street, New York, N. Y. 10023 I 

o Please send me Schober Organ Catalog. I 10 Enclosed please find $1.00 for 12-inch loP.. I • record of Schober Organ music. 
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Doppler returns to search out moving 
targets; they can compensate for their 
own airspeed. Some bats obtain good 
directional data by being virtuoso ear
wigglers. One unusual genus of fruit bat, 
with large eyes and a proved "night vi
sion that is probably not surpassed by 
any other animals," has a broad-band 
click sonar system as well, and so it 
can fly skillfully in the pitch-dark caves 
where it roosts, 

Many night-flying moths and lace
wings (the "other side") have special ul
trasonic detectors, and they take sudden 
evasive action when the pulse emitted 
by the bat arrives. Other moths emit 
clicks of their own, which jam the bat's 
reception or warn it of inedibility, either 
truly or falsely; electrical engineers 
would call it an IFF (identification of 
friend or foe) system. The evidence is 
strong that all of these were wartime 
countermeasures, evolved independent
ly in many unrelated insect forms, since 
they have been hastily rigged in unlike
ly places and styles. Pye cites his own 
ingenious explanatory ballad: 

In days of old and insects bold 
(Before bats were invented), 
No sonar cries disturbed the skies
Moths flew uninstrumented. 

The Eocene brought mammals mean 
And bats began to sing; 
Their food they found by ultrasound 
And chased it on the wing. 

Now deafness was unsafe because 
The loud high-pitched vibration 
Came in advance and gave a chance 
To beat echo-location. 

Some found a place on wings of lace 
To make an ear in haste; 
Some thought it best upon the chest 
And some below the waist .... 

Most of this action is heard in the 
wave band between 30 and 100 kilo
hertz. Plenty of puzzles remain, such as 
the full acoustic function of the bizarre 
facial features of many bats, which are 
presented here in photographs along 
with many sounds of various animals, 
both the hunters and the hunted. 

Katydids sing ultrasound songs made 
by rubbing a hard edge across a file. We 
can often hear the call as it is modulated 
into the sonic region. Most small rodents 
make ultrasound squeaks and calls, 
probably using whistlelike structures in 
the larynx, Some crickets know how to 
make tiny tuned horns and baffles out of 
burrows and leaves in order to augment 
their ultrasound signal's effective radiat-

ed power; the porpoises and some other 
cetaceans surely mount elaborate high
resolution ultrasound location systems, 
perhaps using them for communication 
as well. The authors summarize all these 
results and methods up to about 1973, 
but the biological meaning of most of it 
is not yet nearly as well understood as 
that ancient conflict in the sounding 
night air. 

TRAvELS IN COMPUTERLAND' OR IN-, , 
COMPATIBILITIES AND INTERFACES, 

by Ben Ross Schneider, Jr. Addison
Wesley Publishing Company ($5.95). 
Droll, laconic, candid and genuinely un
derstanding, this small personal nan'a
tive by a Middle Western professor of 
English bears in 18th-century manner 
the subtitle "A Full and True Account 
of the IMPLE!l1ENTATION of the 
LONDON STAGE INFORMATION 
BANK." That true account meaningfully 
connects the Burlington Mall, the Dart
mouth Outing Club, the Widener Li
brary, the works of Norbert Wiener, ir
revocable letters of credit, the Baker-
100 Line, the OCRB typeface on IBM 
"bouncing balls," a radial arm saw and 
Mr. Handel's music for a Covent Gar
den perfonnance of Semele in 1762. 
Out of a few years spent moving within 
the marvelously complex context sam
pled in the list above, the once naive 
author has spun a story both amusing 
and full of gain for the general reader 
who wants to learn what computers and 
computer people do. The chronicle is 
not limited to the textbook's algorithmic 
purity or the artful commercial assertion 
but sums up a real task in a tangled 
world of human beings, their tools and 
their intricate relations. If anyone is lay
ing a cornerstone in these hard times 
out along Route 128 or on the Peninsula, 
this book, once it has been carefully read 
by all the prinCipals, should be sealed 
inside it, It is a user's vivid record of 
the digital industry of the 1970's (this 
side of Moscow). Freehand flowcharts 
and sketches, sample data and London 
railway maps-mainly the work of the 
versatile author-enliven it visually. 

The task was set by a big book, 11 
volumes long, called The London Stage, 
1660-1800. Its 8,000 pages list, season 
by season and night by night, every play 
on the London boards, with casts, box
office receipts and comments, all com
piled from the "playbills, newspapers, 
and thea trical diaries of the period" by 
five learned editors. They spent some 35 
scholar-years at it, with a multivolume 
assist from a pioneer who published in 
the early 19th century. 

This giant store of information has no 
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index. It will not easily disclose even the 
names of the players or the play titles, 
let alone the role of Mrs. Mirthwit, the 
fat years for David Garrick or trends 
such as the rise of pantomime. The quest 
is now evident: Professor Schneider, 
who is a literary scholar (at Lawrence 
University) but with a difference, under
took to make The London Stage flexibly 
consultable by computer, yielding as a 
clearly desirable by-product a printed 
index of names and titles with a million 
entries. 

Twenty-one million characters had to 
be transferred to disk memory, where 
they could be manipulated by programs 
that can exploit the "natural syntax" of 
two centuries of theater nights artfully 
enough to satisfy needs not yet ex
pressed. An ingenious programmer was 
put to work; the entire l l-volume text 
was elaborately typed on the 21st floor 
of a Hong Kong building by a string of 
hardworking young Chinese women, 
and their output (except when tails ap
peared on characters because too thin 
paper had shifted a little under the im
pact of the bouncing ball) was optically 
scanned to make digital tapes, in part 
by a doggedly euphemistic firm in Kan
sas City and then by a devoted one in 
North London. A lengthy tape-editing 
by means of visual display is now under 
way; maybe by the end of next year an 
eager student of the London stage will 
be able to put almost any theatrical 
question to the "data base," which is 
held in a System 360 machine in Apple
ton, Wis. 

How that was done and by whom
what friendships and misunderstand
ings, what a blizzard of alternatives, 
what boasts and promises and logical 
missteps, what little maneuvers and 
clever solutions were encountered on 
the way-is the delicious content of the 
book. No mere library worm, Professor 
Schneider himself ground small nicks 
into the plastic O's of the type balls to 
cure the scanner's confusion. No guile
less consumer with other people's mon
ey to spend, he soon came to understand 
by direct experience that "a full-page ad 
in a magazine could well be 90% of a 
corporation's total substance." So writes 
a man who at the beginning shrank from 
telephoning Dallas for an estimate but at 
the end flew from London to Wisconsin 
for the weekend to clear up some trou
ble. The book holds a mirror up to com
puter society around "the terraqueous 
globe" and gives a humanist's shrewd 
appraisal of the image therein, both 
present and potential. The somewhat 
tired main title is inadequate for this 
witty book. 

Q U ESTAR 2 0-40 . 
t h e t ra c k i ng Q u e sta r 

• • 

The Qu estar h i g h-reso lut ion optical system now p rovides a wide 
vari ety of i nstru ments for accu rate i mage rep rod u ct ion in  c rit ical  fi l m  
a n d  T V  auto-tracking a p p l i cations. Fo r exam ple,  the Questar 20-40 
ope rates at two par-focal , remotely contro l l ed focal lengths:  20 
i nches at F5.7 and 40 i n ches at F1 1 .4. 

This rugged ized u n i t  is eq u i p ped with solenoid-ope rated ove r
exposu re shutter and fou r-port fi lter wheel assembly, l i kewise 
remotely control led.  P rovi s ion is  made, also, for the manual  i nsert ion 
of addit ional  fi lters. The i n stru ment i s  avai lab le  i n  a l u m i n u m, sta i n l ess 
steel ,  or rnvar steel ,  depen d i n g  on the deg ree of tem peratu re 
com pensati on that is  necessary ;  and the optical com ponents, too, 
can be fu rn ished in var ious tem pe ratu re-sta ble mater ia ls :  Pyrex®, 
q u a rtz or CerVit®. 

• • • 

When you have been bu i l d i ng Maksutov te lescopes fo r 25 years,  
as we have h e re at Questar,  you have learned a g reat deal about 
the ways i n  which these su pe rlative o ptics can be used i n  special 
situat ions.  The capa b i l it ies of th is  ve rsat i l e  system, on which we have 
b u i l t  our wo rld-wi de reputat i o n ,  have u nfolded yea r by year ·as we have 
pu rsued the engi neering chal lenges p resented to us.  

Rugged izati on and temperatu re sta b i l ity we re ea rly demands made 
of th is m i n iatu rized i nst ru ment  i n  a p p l i cati ons where space was the 
t h i rd l i m it ing factor.  And so, i n  the beg i n n i n g ,  our off-th e-shelf  Qu esta rs 
were mod ified by su bst itut ing mater ia ls to meet the requ i rements. These, 
in turn, became our stoc k  items. so that now when a sudden need 
ar ises for a telescope to put aboard an orbit ing sate l l ite, or  to use with 
stab i l i z i n g  eqUi pment mou nted i n  a hel icopter, o r  to o bse rve hot 
mater ia ls  i n  a labo rato ry, there is usual ly  a modified Qu estar i n stantly 
avai lable .  

Demands fo r more h i g hly special ized eq u i pment,  such as the track
i n g  i n strument above, have kept us in the forefront of resea rch and 
development i n  th is f ie ld ,  where optical  mod ifi cation ,  also, i s  often a 
part of the job .  If you have a special  p roblem we may have solved it .  
Why n ot cal l  u s ?  

® Registered Trademark o f  Corn i n g  G l ass Works 

® Registered Trademark of Owen S- I l l i nois,  I nc. 

Q U ESTAR, T H E  WORLD'S F I N EST, MOST VERSAT I LE 

TELESCOPE IS P R I C E D  FROM $865. S E N D  FOR OUR 

800KlET I N  FULL COLOR WITH 1 50 PHOTOGRAPHS 

BY Q U ESTAR OWN ERS. $ 1  COVERS MA i l i N G  ON T H I S  

CONTI N E N T; B Y  A I R, TO SOUTH AMERI CA, $3.00; 
EUROPE AND NORTH AFRtCA, $3.50: ELSEW H E RE, $4. 

QUESTAR 
Bo< 2020, New Hope, PA 18938, Phone ( 215 ) 862-5277 

© Questar Corporation,  1975. 
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Amateur Telescope Making 
Edited by Albert G. Ingalls • Foreword by Harlow Shapley 

This three-book set is the authoritative reference library of 
the enthralling hobby of amateur telescope making. 

BOOK ONE begins at the beginning, teaches the basics of 
glass grinding and how to complete the first telescope. 
(497 pages, 300 illustrations.) 

BOOK TWO leads on into advanced methods of amateur 
optical work and describes new projects for the telescope 
maker. (650 pages, 361 illustrations.) 

BOOK THREE opens up further fields of enterprise; 
e.g. binoculars, camera lenses, spectrographs, Schmidt 
optics, eyepiece design, ray tracing (made easy). 
(644 pages, 320 illustrations.) 

,-- SCIENTI FlC ---------------------1 
AM ERI CAN ATM Dept,415 Madison Avenue, New York. N. Y 10017 

Please send me postpaid the following AMATEUR TELESCOPE 
MAKING books. My remittance of $-_is enclosed: 

OBOOKONE $B.OO o BOOK TWO $g.oo OBOOKTHREE $10.00 
For shipments outside U.S add 75C each. 

Name ____________________ __ 

Address, _________________________ __ 

City _________ State. ____ Zip, __ _ 

Residents of New York City please add city sales tax. Other NYS resident 
please add state sales tax plus local tax. 

Our 23rd year of service to the World's finest 
craftsmen and technicians. 

Na';ona'� 2000Wc-s'Un;onA"c-. Dept.JAA 
Camera" ��:�:��:�j7��'_��:�o .• orro 

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

I Send a FREE copy of the Me F lasher I 
I name I 
I I 
I 

address I 
I city I 
I state zip I 
Na t;onal � 2000 Wes' U";on Aw-C'. Depf.JAA 

'" I ("9'ewood, (0'or.".,80UO Camera ,.".. Phone (303)789-1893 
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JERSEYS 

Select the very best-the top quality 
Canterbury Rugby Jersey from New 
Zealand. These sport shirts are designed 
for the active man or woman. 100% 
cotton. vat dyed yarn. no-rip neck with 
rubber button, safety stitched seams. full 
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team weight fabric. 

SIZE 
M 
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XXOS 

Rugby Jersey 

CHEST' COLOR 
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34-36 Maroon/Gold 
38-40 Maroon/Navy 
42-44 Royal/Gold 
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$21.00 ppd. 
State size and color 

Satisfaction Guaranteed 
Send for our unique catalog 

� AUSTRAL ENTERPRISES 
Box 70190, Seattle. Washington 98107 
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From Italy ... The Ultimate In 

HISTORIC SHIP 
REPLICA KITS 

Frome & Plank Construction 

World-famous SERGAl kits: large, 
magnificent replicas (up to 51" long) 
with beoutiful walnut plon king ond 
components ond cast-bross details. 
Virtually museum pieces when com
pleted. large-scale plans, English 
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complete new 

90-Page, Full-Color Catalog, $2 
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Via Cassia, 1170 • Rome 00 189,Italy 

.. An excellent history of astronomy 
as influenced by the development 

of the telescope and its related 
auxiliary instruments." 

-DR. K. L. FRANKLIN, astronomer 

Isaac Asimov not only tells the tele· 
scope's story in a style that reads like 
good suspense fiction, but he provides 
background briefings on physics, optics, 
spectrographies, and related fields to 
show how each improvement led to new 
discoveries about the universe. 

"Asimov is as adept as ever at making 
technical materials comprehensible to 
the layman."-Publishers Weekly 

EYES ONTHE 
UNIVE-RSE 
A History of the Telescope 

by ISAAC ASIMOV 
$8.95, now at your bookstore :Jh 

HOUGHTON MIFFLIN COMPANY � 
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We give you Hong Kong, 
Singapore, Taipei, and Bangkok. 

No matter where you might 
be going in the Orient, Philippine 
Airlines can get you there. 

Hong Kong. Singapore. Taipei. 
Bangkok. And more. 

But before you arrive at your 
final destination, we give you a 
chance to explore the 7,000 
islands of the Philippines. 

Golf at any one of a dozen 
championship courses. 

Or skin dive in the Sulu Sea. 
We give you Manila. For a day. 
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V
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___ .'. __ 111"" . .. .. 
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Orient. Just 90 minutes from 
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And 185 minutes from Bangkok. 
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information about where we go, 
see your travel agent or call 
Philippine Airlines. 
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: TO PHILIPPINE AIRLINES TOUR DEPT. 

I 212 STOCKTON STREET 

I SAN FRANCISCO, CA 941 08 
I PLEASE SEND ME MORE 
I INFORMATION ON YOUR WORLD. 
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I NAMEL-_______ _ 

I 
I ADDRESS _______ _ 

I 
CITYjSTATE/ZIP ____ _  _ 

PHO.NO _______ _ 
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Philippine Airlines 
TO THE CROSSROADS OF THE ORIENT. MANILA. 
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DEWAR'S® PROFILES 
(Pronounced Do-ers "White Label") 

LYNDA J. WELLS 
HOME: Cambridge, Massachusetts 

AGE: 34 

PROFESSION: Neurobiologist 

HOBBIES: Yoga, classical guitar, hiking, cooking. 

MOST MEMORABLE BOOK: J ung's 
"Memories, Dreams, Reflections" 

LAST ACCOMPLISHMENT: Awarded a post
doctoral traineeship in experimental neurobiology. 

QUOTE: "One of the most fascinating subjects 
for the scientist is the study of the human brain 
and human behavior. Neurobiological research 
will lead to an understanding of the basis of 
behaviors such as emotional illness." 

PROFILE: Deep compassion gives her a strong 
commitment to help relieve the anguish of 
emotionally disturbed people. 

SCOTCH: Dewar's "White Label®" 

A ulhentic. There are more than a thousand ways 

to blend whiskies in Scotland, but few are authentic enough 

for Dewar's "White Label." The quality standards estab

lished in 1846 have never varied. Into each drop go only 

the finest whiskies from the Highlands, the Lowlands, the 

Hebrides. Dewar's never varies. 
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