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If you have one vacation a year, 
why make it a dull one? 

Having a dull summer vacation is 
easy. Just go to a dull summer va
cation place. 

But is that worth working and 
waiting most of the year for? 

Wouldn't you rather have an 
exciting, memorable vacation for 
a change? A vacation to talk 
about, to think about, to feel 
good about? 

With Eastern Airlines, it's easy. 
You can fly to Puerto Rico and 

find out why some people com
pare it to the Riviera. Or to the 
Bahamas and discover an island 
called Paradise. Or you can feel 
what it's like to walk barefoot on 
Bermuda's pink beaches, or fish 
for Wahoo or Sailfish in Florida's 
Gulf Stream. 

EASTERN 

We want everyone to Hy 

Or you can explore Mexico 
City and its Aztec artifacts and 
treasures. Or relax in fabulous 
Acapulco. 

Now that's what we call a va
cation. A vacation you'll never 
forget. And you can charge every
thing on Eastern's Charge-A-Trip 
plan, and pay as little as $10 a 
month plus a small service charge. 

So now you know an exciting, 
memorable vacation is as easy to 
take as a dull one. And all it takes 
to get you started is a call to your 
Travel Agent or Eastern. 

So what are you waiting for? 

CHARGE·A·TRIP IS A SERVICE MARK OF EASTERN AIR LINES, INC. 
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Where atoms are no longer restless . . .  TM CA tailored titanium to work 

Down near Kelvin's absolute zero atoms are quiet, lethar
gic. Electrical and magnetic currents drift aimlessly. Gasses 
are no longer gaseous. Metals become brittle, hard, intran
sigent. Microscopic cracks can nucleate violently. 

Yet something has to contain such cryogenic materials 
as liquid hydrogen, nitrogen, helium-and frequently, with 
the least investment in structural weight. Titanium Metals 
Corporation of America tailored titanium to do just that. 

We found that useful ductility could be retained at 
extremely low temperatures if certain elements, particularly 
iron and oxygen, within titanium's crystalline structure 
were minimized. The result was a series of modified alloys 

called "ELI", for extra-Iow-interstitials. The new materials 
possessed the same attractive low density of their parent 
alloys. At cryogenic temperatures they acquired much 
greater strength. And significantly, they retained much of 
their room temperature ductility and toughness. 

Titanium' is much more than one metal. It is a family of 
alloy systems designed for particular purposes. 

Let TMCA know if you have such a purpose in mind. 

TITANIUM METALS CORPORATION OF AMERICA 
233 Broadway, New York, N.Y. 10007. 
Offices: New York, Cleveland, Chicago, Dallas, Los Angeles. 

® 
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Scientists develop 
new Fourier analysis 
algorithm and test it with 
an earthquake. 

Ever encounter a calculation that 

takes a long time to perform even on a 

large computer? 

Richard Garwin of the IBM Watson 

Laboratory at Columbia University did 

when he decided to carry out a large 

Fourier transform problem in a spin cal

culation for solid helium 3 (He3). With 

the programs then available he esti

mated at least four hours of high-speed 

computer time. 

Garwin had a hunch there might be 

a better way. He discussed it with John 

Tukey of Princeton University and Bell 

Telephone Laboratories who proceeded 

to outline a computer algorithm which 

he thought would handle Fourier trans

forms far faster than existing programs. 

Recognizing the potential and impor

tance of the algorithm, Dr. Garwin took 

his notes to IBM's James W. CQoley at 

the IBM Thomas t. Watson Research 

Center at Yorktown Heights. A pro

gram development project was started, 

and in April, 1965 Mathematics of 
Computation published the Cooley

Tukey paper, "An Algorithm for the 

Machine Calculation of Complex Fou

rier Series." 

For large N (where N is the number 

of terms in each Fourier series), con

ventional techniques of computation 

require a number of complex multiply

add operations proportional to N2. With 

the fast Fourier transform (FFT) the 

number of operations is proportional 

to only Nlog2N. The fast Fourier trans-

form, therefore, increases the speed of 

calculation by a factor proportional to 

kN/log�N, k ranging roughly between Y2 
and 2, depending on programming effi

ciency. On paper, it looked good. With 

the new algorithm much less computer 

time would be required to solve the 

large Fourier transform problem. 

Then came' the test to prove it. 

Lee Alsop, an IBM scientist at Lamont 

Geological Observatory, decided on a 

direct comparison of the new algorithm 

with a conventional Fourier transform 

program. 

For the test, he chose an earthquake 

that shook Rat Island, Alaska in 1965. 

Its seismograph record consisted of 2048 

numbers representing longitudinal dis

placements at instants equally spaced 

over a 13.5 hour period. 

To solve the problem, the conven

tional program took 1567.8 seconds. 

The new Fourier analysis algorithm 

took only 2.4 seconds. But the test 

didn't stop there. 

Having verified the greater speed of 

FFT, Dr. Alsop together with Dr. Ali 

Nowroozi then ran an accuracy check, 

using a time series generated from a 

sum of seven sines and cosines of har

monics of a base frequency. (This time, 

computer analysis took 464.4 seconds 

with the original program and just l.2 

seconds for FFT.) Then, by computing 

back again from the transform, the re

sults of each program were compared 

to the original series. 

FFT was both faster and more accu

rate. Even though this conventional 

program had been developed specifi

cally for accuracy at a sacrifice of 

speed, the new FFT beat it. For scien

tists and mathematicians, it is a new, 

faster way to handle Fourier analysis. 

It can cut computer time by a factor of 

approximately (log2N) IN. That's why 

the new algorithm is now part of IBM 
SYSTEM/360's Scientific Subroutine 

Package, a library of more than 200 

mathematical and 8tatistical subrou

tines available to IBM customers. 

An interesting sidelight to this story 

is the fact that it was later discovered 

that the basic method had been pro

posed years before in a paper by Runge 

and Konig, published in Germany in 

1924, and that its application was de

scribed in 1942 by Danielson and Lanc

zos who were working with X-ray scat

tering problems. Unfortunately the 

technique lay buried, and modern com

puters have been working at only a frac

tion of their potential speed on Fourier 

transform problems. 

Like to know more about these pro
grams? Write to Director, Scientific 
Development, IBM Corporation, De
partment 805-051, 112 East Post Road, 
White Plains, New York 10601. While

' 

you're at it, ask for a copy of the paper 

that give� the derivation of the algo

rithm. It's titled "An Algorithm for the 

Machine Calculation of Complex Four

ier Series./I We'll gladly send a copy. 
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THE COVER 

The painting on the cover shows two goldfish learning a simple task in the 
course of experiments on the mechanism of memory (see "Memory and 
Protein Synthesis," page U5). Two training tanks appear in the picture, one 
at left and the other at upper right. The training routine is controlled auto
matically; at lower right is a record of the results. Each training tank is 
divided into two compartments by the barrier visible in the middle of the 
tank at left. At each end of the tank is a light, and at the sides of each com
partment are grids that can administer a mild electric shock to the fish 
through the water. The task to be learned by the fish is that when it is at one 
end of the tank and the light at that end goes on, it should swim over the 
barrier into the other compartment. If it does not, it receives a shock. The 
fish learn the task readily. This makes it possible to observe the effects of cer
tain chemical substances on the fish's memory by injecting the substances 
into their skulls at various times before, during and after the training. 
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All About Abaca 
or 

The Truth About Teabags 
Just about 63 years ago, a New York 
wholesale tea merchant named Thomas 
Sullivan accidentally invented the tea bag. 
He was putting some tea samples into silk 
bags when one of his tea-loving customers 
tried dunking a bag into a pot of hot water 
... the rest is history. 

After that chancy beginning, the tea bag 
went through some lean days before its 
general acceptance by housewives. By the 
mid '40s, however, it had come into every
day uSe. Today, over 65% of all the tea 
consumed in the United States and Canada 
is sold in bags. 

Until Dexter invented modern teabag 
paper in 1933, all sorts of substitutes were 
tried for Sullivan's original (and expen
sive) silk tea bags. Cheesecloth, gauze and 
cellophane proved unsatisfactory. One 
manufacturer even tried punched paper 
formed into various shapes. The trouble 
was in the punchings. Either they were 
improperiy cut and fell into the tea cup or 
they refused to drop out and therefore 
didn't allow the necessary infusion. Not 
to mention the annoying problem of tiny 
tea leaves that kept falling through even 
the smallest holes and would leave an 
unappetizing residue in the bottom of 
the cup. 

The Long and Short of It 

The problem, of course, was in the length 
of fibers in the paper being used. Short
fibered paper just wouldn't provide the 
necessary wet and dry strength, the po
rosity, the foldability or the ruggedness to 
stand up under steeping in boiling water. 

Luckily for tea lovers (and Dexter) the 
knowledge of how to make a long fiber 
paper that met pretty near all these require
ments had long existed. It had been un
covered by our ancient forebears centuries 
ago. But it had always had to be made by 
hand, sheet by sheet. 

In 1933, after years of experimentation, 
Dexter solved the problem of machine
made long fiber paper. To do so called for 
a new type of papermaking machinery 
(all of which Dexter people designed or 
modified or made by hand) and for a very 
special type of basic fibrous material. This 
turned out to be Philippine abaca (you'd 
probably call it hemp). Actually the two 
are not at all the same, hemp being 
"cannabis sativa," while abaca is a product 
of the Philippine banana plant, commonly 
known as "musa textilis" and sometimes 
mistakenly confused with sisal, cantala, 
jute or sunn. Abaca is classified as a 
hard fiber. 

Napoleon actually played a part in the 
availability of abaca as a prime fibrous 
material from which to make tea bags. 
By shutting off supplies of Russian hemp 
(primarily used for cordage), the Napole
onic Wars (1789-1815) brought other sub-

stitute fibers like sunn into usage. Then, 
shortly after the war's end, an American 
Naval Lieutenant named John White 
brought a fibrous material called "abaca" 
home from the Philippines. Eventually, it 
replaced Russian hemp as a basic material 
for cordage manufacture. 

The so-called hemp that Dexter used, 
and still uses, to make fine quality tea bag 
paper has fibers typically I,4" long with a 
diameter of 18 microns and a tenacity of 
6 to 8 grams per denier, wet or dry. It is 
the strongest of all natural fibers and 
exceeds in strength all man-made fibers 
except ceramic and metal. 

But Enough About Abaca 

In short, with its perfection of machine
made long fiber teabag paper, Dexter 
pioneered a whole new industry (today it 
makes more than 60% of all the tea bag 
paper used in the world). 

If you ever really thought about tea bag 
paper (most people don't), you'd realize 
that its manufacture requires some very 
sophisticated technologies. Because what a 
teabag really is, is not a paper but a 
complex filter which must not only keep 
the tea in ... but let the flavor out. 

And like the Swiss and the Swedes, a 
good tea bag paper must adhere to a policy 
of strict neutrality. In other words, it can 
have no flavor of its own that would in 
any way affect the delicate nuances of a 
fine tea brew. 

THE UNIQUE PROPERTIES OF TEABAG PAPER 
Non 

BASIS WEIGHT 
(lbs./2880 sq. It.) 

CALIPER (inches) 

AIR POROSITY 
(clm/sq. It. @ 
0.5" H20 L\.P) 

DRY TENSILE 
STRENGTH 
(gramS/inch) 

Machine Direction 
Cross Machine 

Direction 

WET TENSILE 
STRENGTH 
(grams/inch) 

Machine Direction 
Cross Machine 

Direction 

MULLEN· BURST 
STRENGTH (psi) 

COST/Sq. Yd. (cents) 

Heat- Heat-
seal seal Benefits 

7.25 9.75 Lightweight 

.0017 .0036 Thin 

550 350 High inlusion 
rate 

2825 2675 {EXCellent 
machin· 

970 690 ability 

580 900 

r
gh 

wet 
200 260 strength 

6.0 5.7 Won't 
rupture 

2.6 3.5 Inexpensive 

AVAILABLE IN ROLLS fROM 1 TO 130 INCHES WIDE. 

1767- Bicentennial-1967 

Today, the tea packing industry uses 
two high speed packaging methods for 
producing teabags from Dexter paper. In 
the oldest method, the bag is formed by 
folding the paper several times in several 
different directions and finally securing the 
top with a staple or staples. This must be 
done without the paper splitting or tearing. 
In addition, extreme care must be taken 
that the edges of the paper are perfectly 
square and do not weave. Otherwise, there 
would be difficulties during the folding 
machine's operation. 

A more recent Dexter accomplishment 
was the development of heat-sealable tea
bag paper. This means that the bags are 
formed by heat-sealing the paper to itself 
along the edges of the desired pouch at a 
bag-per-minute rate of up to 350. 

Another Breakthrough by 
Capable Dexter 

In perfecting this paper, the trick was that 
the necessary heat-sealability could not 
just be applied to the paper ... it had to 
be an intrinsic part of the paper itself. 

The breakthrough came in 1945 when a 
technique for laying thermoplastic fibers 
onto an existing web was discovered. Again, 
this necessitated non-existent equipment 
which had to be invented and, at first, 
built by Dexter people. 

Let's Hear It For Sullivan! 

Back in 1904, Tom Sullivan did more than 
invent a neater way of making a good cup 
of tea. He not only revolutionized the 
entire tea industry, he also (we're happy 
to say) put Dexter into a very special kind 
of business ... with a unique possession 
of some very special technologies. 

"What's in it for me?" you say. Frankly, 
we don't know. Because if we do have a 
major problem as a company, it's this: 
telling people exactly what we can do for 
them. This is because we have a whole 
galaxy of capabilities that cannot be de
scribed briefly. And because we are con
stantly experimenting in new parameters 
that produce newer techniques and mate
rials that keep broadening our know-how. 

Another is that we don't have a lot of 
people available for following up dead-end 
inquiries relating to applications that don't 
have even a one-in-a-million chance of 
succeeding. What we do have is a small 
group of highly trained sales engineers 
who can bring our technologies to bear on 
genuine materials-in-design problems. 

If you're interested, write to Glenn 
Weriy, Vice President- Marketing, C. H. 
Dexter & Sons, One Elm Street, Windsor 
Locks, Connecticut 06096. If you can't 
remember the street address, that's okay. 
People around here know us ... we've been 
in business for 200 years. 

lom.A) C. H. DEXTER & SONS COMPANY 
_ F ONE ELM STREET, WINDSOR LOCKS, CONNECTICUT 

DIVISION OF THE DE XTE R CORPORATION 
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LETTERS 
Sirs: 

The article "Toxic Substances and 
Ecological Cycles" by George M. Wood
well in your March issue deals first with 
the distribution and lethal effects of ra
dioactive fallout from the testing of hy
drogen bombs. The author then states 
that "if it is difficult to estimate the na
ture and extent of the hazards from ra
dioactive fallout ... we are in a poor 
position indeed to estimate the hazards 
from pesticides .... Our chief tool in the 
pesticide inquiry is DDT .... It is toxic 
to a broad spectrum of animals, includ
ing man." At this point the reader may 
well be prepared to equate DDT with 
strontium 90. 

The toxicology of DDT and other 
pesticides is reviewed in a recent article 
(Proceedings of the Royal Society, Se
ries B, Vol. 167, No. 101; February 21, 
1967) by W. J. Hayes, who has studied 
the subject in depth for a number of 
years. He states that DDT has been con
sumed by human subjects at the rate of 
.5 milligram per kilogram of body weight 
per day for more than 600 days without 
any clinical effect. The largest nonfatal 
single dose was 285 milligrams per kilo
gram, part of which was vomited, and 
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the median single dose with a clinical 
effect was 16 milligrams per kilogram. 
Of considerable interest is the observa
tion that "workers who have been em
ployed in the formulation of DDT since 
1945 or even earlier ... remain well while 
absorbing doses that for some are equiv
alent to 35 mg" per man per day. Hayes 
states that this is a dosage that is be
tween 200 and 1,000 times as great as 
the exposure of people who eat "ordinary 
restaurant meals." Clearly the statement 
that DDT is toxic to man needs quanti
tative explanation. 

What does the term "toxic to man" 
mean? Is it the effect of DDT on an iso
lated experimental subject or on human 
beings as a species? How does the term 
apply to human beings in India, where 
the use of DDT has been the principal 
factor in reducing the incidence of ma
laria from 100 million cases a year to 
less than 100,000 (P. C. C. Garnham, 
loco cit. p. 134)? The main effect of pesti
cides is to increase the number of human 
beings; this increase exceeds all other 
factors in producing changes in ecology. 

THOMAS H. JUKES 

University of California 
Berkeley, Calif. 

Sirs: 
As a manufacturer of DDT, I read 

George M. Wood well's article "Toxic 
Substances and Ecological Cycles" with 
great interest and, I admit, some bias. 
While I have no quarrel with the mass of 
data he presents on the concentration of 
DDT in various organisms in the ecologi
cal cycle, I feel exception should be 
taken to his statement that DDT "is 
toxic to a broad spectrum of animals, 
including man." Indeed, his very next 
sentence, recalling DDT's "spectacularly 
successful [use] during vVorld War II in 
controlling body lice and therefore ty
phus," offers evidence to the contrary, 
since hundreds of thousands of soldiers 
and civilians were dusted with large 
quantities of DDT without ill effect. . .. 

In view of the widespread public "be
lief" that DDT is toxic to humans, which 
Dr. Woodwell apparently shares, the 
paucity of supporting clinical evidence 
can only be considered surprising. Dur
ing 1966 the TOXicology Laboratory of 
the Pesticides Program of the U.S. Pub
lic Health Service in Atlanta, Ga., under
took a clinical study of men with inten
sive occupational exposure to DDT. The 
group studied consisted of employees at 
the Torrance, Calif., plant of the Mont
rose Chemical Corporation of California. 

This plant has manufactured DDT con
tinuously and exclusively since it was 
built in 1947, during which time it has 
produced almost 900 million pounds of 
DDT technical, as well as converting 
much of this to DDT dusts and liquid 
formulations. 

From a group of more than 60 volun
teers with over five years of heavy ex
posure to DDT, 35 were chosen who 
had been employed between 11 and 19 
years and ranged in age from 30 to 63. 
In addition to analYSis of their blood, 
urine and fatty tissue for pesticides 
(DDT, DDE, DDD, BHC and Hepta
chlor) they underwent complete physical 
examinations, routine clinical laboratory 
tests and chest X rays. High concentra
tions of isomers and metabolites of DDT 
were found in their fat (ranging from 30 
to 647 parts per million) as well as in 
their urine and blood. Based on their 
storage of DDT in fat and excretion of 
DDA in urine, the average daily intake 
of DDT is estimated at 17 to 18 milli
grams per man per day compared with 
an average of .04 milligram per man per 
day for the general population. In spite 
of these high levels of DDT, the overall 
clinical findings did not reveal any ill 
effects attributable to DDT and did "not 
differ significantly from those one might 
expect from a group of similar age and 
socioeconomic status with no occupa
tional exposure to DDT." 

During the 20 years our plant has op
erated we have not had a single case 
of occupational disease attributable to 
DDT, our employee turnover rate is well 
below that for the chemical industry in 
Southern California as a whole and our 
industrial accident rate is likewise below 
that for the State of California. 

While no one would propose that 
DDT be sprayed indiscriminately or be 
prescribed as an elixir to assure a long 
healthy life, there is substantial clinical 
evidence that man can ingest consider
able quantities over a long period of time 
without ill effects. 

I have made no mention of the bene
ficial effects of DDT: lives saved, count
less millions once debilitated by malaria 
enabled to perform useful work, forests 
preserved, crops protected, and so on. 
These facts are sometimes forgotten. 
True, the ecological process is changed, 
but change is part of life. The very fact 
that man's life-span has been extended 
by chlorination of his water supply, by 
vaccination and by chemicals such as 
DDT has resulted in a changed ecology. 
As Dr. Woodwell points out, we face a 
problem with many facets and all factors 
must be weighed before charting a 
course. It does not help to have scare 
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Thank y ullOEING 
VERTOL DIVISION 

PRESENTED BY 
THE BOEING COMPANY'S 

VERTOL DIVISION TO THE SUPPLIER 
OF THE YEAR 

COX & COMPANY I NC. 
• FOR OUTSTANDING I"n"""'D'Dt 

QUALITY PROD 
ON·TIME DELIVERI 

ASSISTANCE TO-V 
TECHNICAL ADV 

1966 

COX & COMPANY, INC. 

greatly appreciates 

the honor of being named 
BOEING-VERTOL'S FIRST 

SUPPLIER OF THE YEAR 

In our exciting twenty years of Space Age 

Growth we have pioneered many technical 

innovations, including ... electrical de-icing 

and anti-icing ... ultra-reliable volume

produced heating elements ... thermostats 

and temperature sensors for maximum 

stability and reliability ... temperature control 

systems for rapid warm-up and stability . •• 

special high-precision ovens for avionic 

equipment. 

COX & COMPANY, INC. 
215 Park Avenue South, New York, N.Y. 10003 
(212) OR 4-4727 TWX: 710-581-2839 
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We split hairs 

We do many things at Liberty Mirror. 

You may know that we make 
optical coatings, front surface mirrors, 
beam splitters and dichroics. But did 
you know that hair-splitting precision in 
the fabrication of flat glass parts is one of 
our capabilities? Also precision edgework and 
resurfacing of glass components? And the 
assembly of those components with mating metal frames? 

We have the instrumentation to measure millimicrons, fringes, 
spectral transmission, temperature, density, and even split hairs 
if necessary to meet your precision glass requirements. 

May we serve you? 

NEW ISSUE 

j; : 

LIBERTY MIRROR 
A DIVISION OF LIBBEY·OWENS·FORD GLASS COMPANY 
8366 L·O·F 8uilding. Toledo. Ohio 43624 

This is not an offer 10 sell nor a solicitation of an offer 10 buy theJ( securities. 
The offer is made only by tM Prospectus. 

May 15, 1967 

$10,000,000 

AEGc..G,NC. 
31J2 % Convertible Subordinated Debentures due May 15, 1987 

Price 100% 
(Plus accrued interest from May 15, 1967) 

Copits of Ihe Prospeclus may be oblained in any Siale. in w.hich I'!is 
announcemenl is circulated from only such of 1M underwrllers, tncludtng 
lhe undersigned, as may lawfully offer Ihese securilits in such Siale. 

Kidder, Peabody & Co. 
Incorporated 

Eastman Dillon , Union Securities&Co. Hornblower&Weeks-Hemphill,Noyes 

Paine, Webber, Jackson & Curtis Smith, Barney & Co. White, Weld & Co. 
Incorporated 

Dean Witter & Co. Hayden, Stone W. E. Hutton & Co. 
Incorporated 

F. S. Moseley & Co. R. W. Pressprich & Co. 

words such as "toxic to man" thrown into 
the reasoning process. 

SAMUEL ROTHOSEN 

Montrose Chemical Corporation 
of California 

Newark, N.J. 

Sirs: 
Messrs. Jukes and Rotrosen are cor

rect in their contention that DDT's tox
icity to man is low relative to other pesti
cides. It is, nonetheless, "toxic" not only 
to insects but, as I wrote, "to a broad 
spectrum of animals, including man." Its 
toxicology is far from simple and a dis
cussion of it was beyond the scope of 
my article. DDT is a nerve toxin and 
clinical symptoms are correlated most 
closely with residues in the brain, not 
with those in fat. Residues may be stored 
in the fat of mammals for long periods 
and at comparatively high concentra
tions without obvious harm, as Mr. Rot
rosen has indicated, but there is good 
reason to believe residues stored in fat 
are released when fat is mobilized dur
ing starvation or illness, increasing the 
danger of toxicity. DDT can be used 
safely in clothing against lice because in 
crystalline or powdered form it is not 
readily absorbed, either through the skin 
or the gut. Dissolved in oil, it is absorbed 
much more readily and the hazards of 
exposure are greater. 

The point of the article, however, was 
not that current levels of DDT in human 
fat are toxic (there is reason for intensive 
interest in this, but no evidence that cur
rent levels are dangerous) but that the 
persistence of biologically active sub
stances such as DDT that are distributed 
freely and in large quantities in the en
vironment adds another important di
mension to the hazards, including direct 
hazards both to man and to other orga
nisms that are important to man. Messrs. 
Jukes and Rotrosen reflect what has be
come the classical approach to hazards 
from toxic substances, perpetuated by 
agencies treating public health, namely 
that the only important consideration is 
a direct, acute hazard to man. If man is 
protected, the rest of the environment 
will take care of itself. This attractively 
simple assumption breaks down when 
we find residues of substances such as 
DDT accumulating to levels that steadily 
degrade the environment .... 

C. M. WOODWELL 

Brookhaven National Laboratory 
Upton, N.Y. 
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Remember back in 1935? Just 
to get out of that stuffy classroom you'd 
even stand still for your class picture. 

Remember that "sleepy" classroom 
air-air that was stagnant, humid and 
overheated much of the time? 

On spring days, it was all you could 
do to keep awake after lunch. 

And in the winter! Remember those 
iron monsters by the windows that 
hissed and gave off the steamy-wool 
smell of drying mittens? If you sat near 
one you broiled, and if you sat across 
the room from one you nearly froze. 

But times have certainly changed. 
Today, ITT makes Nesbjtt equip
ment for schools-for classrooms, of
fices, dormitory rooms, labs-that 
heats, cools or air conditions. When 
preset to a particular level, it "locks 
on" and maintains that level, no matter 
how much room conditions change. 

This also goes for the Nesbitt roof
top multizone unit which is designed 
to take care of a number of areas at 

once-particularly areas where room 
size may be varied by using sliding wall 
panels or modular wall construction. 

Now you know why Nesbitt com
ponents and systems are installed in 
more U.S. schools than any other cli
mate conditioning equipment made 
today. (And we're doing quite well 
in hospitals and large buildings, too.) 

International Telephone and Tele
graph Corporation, New York, N.Y. 

ITT 
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Bendix is the kind 
of company that 

doesn't mind 
rocking the boat. 

In aerospace. This mockup of the giant C·5A jet 
airlifter Lockheed-Georgia Company is producing for the 
Air Force gives some indication of its size-and the 
unique capability Bendix has to build into its 28-wheel 

To make as many important technical con
tributions as Bendix, you have to buck the 

tide now and then-and dare to be different. 
We often go to the limits of technology-or 

set new limits-to solve an old problem or 

make a new idea practical. The heart of our 
business is creating new ideas and develop

ing them to maximum usefulness-whether 
we're serving as manufacturers . . .  creative 
engineers ... or professional problem-solvers 

for industry and government. 

landing gear. As the world's largest aircraft the C-5A will 
be able to airlift 112,600 lbs. of equipment 6,300 miles at 
a speed in excess of 500 miles per hour. An all-passenger 
commercial version could carry as many as 844 people. 
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In electronics. With the help of a satellite 
and Bendix. the days of radio silence are 
numbered for transoceanic airliners. Recent 
large-scale tests using the NASA Goddard 
Space Flight Center ATS-1 satellite and jetliners 
equipped with Bendix systems demonstrated the 
feasibility of two-way. ground-to-airliner VH F 
communications via satellite relay. 

In oceanics. Now we can tell you why 
the boat is rocking. The diver. for example. 
is positioning an ocean current measuring 
system developed in connection with our 
work on beach planning. pollution control 
and other aspects of ocean engineering. 

A \ 
In automation. This Bendix technician is 
holding a new kind of circuit that utilizes fluids 
instead of electricity. Bendix pioneering efforts 
in the new field of fluidics hold special promise 
for propulsion control. air data computers. 
automotive controls and automation equipment. 

The Bendix Corporation/Fisher Bldg./Detroit, Michigan 48202 

In automotive. Glass fibers that "pipe" light around corners 
form the heart of a new Bendix system that can tell a driver if each 
of his car's lights is working. A "pipe of light" visually connects 
each bulb to the dashboard. 

Where ideas unlock the future 

II 
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50 AND 100 

YEARS AGO 

[I SCiENmlCAmICAN I 
JUNE, 1917: "The last annual report 

of the Mount Wilson Observatory con
tains the interesting news that the mir
ror of the 100-inch reflector is now com
pleted and silvered. The dome for the 
giant telescope is finished and painted, 
and the mounting was in course of erec
tion at the end of the year." 

"Another monarch has ridden to a fall, 
and a great stumbling block to the prog
ress of the Allies on the Saloniki front 
has been removed by the abdication of 
the Greek king, Constantine, brother-in
law of the German Emperor. None can 
deny that Constantine was a man of ca
pacity and political management. He 
was able to hold the greater part of the 
Greek nation and a good portion of the 
Creek army against the Allies, despite 
the fact that it was generally known that 
he had ordered the surrender of Greek 
troops, forts and military material to the 
Bulgars, that he had instigated the attack 
some time ago on French troops in Ath
ens, and that he had encouraged, if he 
had not organized, guerrilla warfare in 
the rear of the Allies' army. His abdica
tion has finally brought to an end what 
was an impossible military and political 
situation." 

"Anthony Fokker's views of the future 
of aviation were recently published in 
the V ossische Zeitung in the form of an 
interview. The inventor and constructor 
of the famous fighting machine that 
bears his name said in part: 'Passenger 
traffic on flying machines will assume 
great importance after the war. Flying 
machines will have preference because 
they are the speediest means of traveling 
great distances. It is my belief that they 
will become the most successful rivals of 
American liners, being able to fly across 
the ocean within a day and a half or two 
days.' " 

"The one great problem that is now 
most disturbing to the Allies' cause-and 
particularly to the United States, now 
that our country has entered the war fi
nanCially as the creditor nation to all the 
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others as well as an armed participant 
-is the present and future attitude of 
Russia, the unformed and apparently un
controllable giant of the north. The revo
lution resulting in the deposition of the 
Czar Nicholas came as a surprise to many 
but in reality was in no way unexpected 
by those well informed. It was only the 
end of what has been in process of for
mation for the past 12 or 15 years. The 
first chapter was the outbreak of 1905 
after the Japanese war, resulting finally 
in the first Duma, or representative as
sembly. This Duma was dissolved in 
view of its demands, although these 
were quite moderate in comparison with 
what has since been granted or assumed. 
Following these happenings with vary
ing success, the popular movement cul
minated when it became evident in the 
present war that the Czar's government 
was either incapable of governing and 
defending the country, or was in secret 
alliance with the Central Powers. When 
it became evident that Russian defeat 
was inevitable, the Russian people took 
the government into their own hands and 
with this also they took the fate of the 
country. So far as law and order are con
cerned, conditions have shown little or 
no ability on the part of the leaders to 
cope with the present surroundings, al
though the latest happenings seem to in
dicate that one or more strong men have 
come to the front to direct affairs." 

JUNE, 1867: "The prospects for a 

speedy completion of the Suez canal are 
not flattering. The original plan contem
plated the running of a canal 260 feet in 
surface width and 26 feet deep, connect
ing Port Said on the Mediterranean with 
Suez at the head of the Red Sea, a course 
of about 96 miles. From recent and trust
worthy reports it appears that the mari
time canal has been partially excavated 
as far as Ismaileh, a distance of 48 miles, 
or just half the total length. For the first 
nine miles north of Ismaileh the canal is 
only dug to half its future complete 
width. Beyond this, for the remaining 
distance to Port Said, there are two chan
nels, each one-third of the complete 
width, the center portion being left so 
that traffic may be carried on in the one 
channel while work is progressing in the 
other. The average depth throughout is 
only seven feet. Although interested par
ties have perSistently published the most 
encouraging prospects, actually the main 
Suez canal, after seven years of labor and 

millions of money have been spent upon 
it, is now but about one-third completed, 
and at the present rate of progress fully 
five years must pass before it, as a com
mercial highway, begins to repay the 
funds which its protracted construction 
has absorbed." 

"M. Berthelot pursues the new and 
wonderful line of achievement opened 
in the chemical creation of the products 
of organic life with unflagging zeal and 
steady progress. Having heretofore suc
ceeded in forming acetylene by the di
rect union of carbon (4) and hydrogen 
(2), he has lately bliilt upon this struc
ture by the addition of oxygen (8), which 
makes the exact constitution of oxalic 
acid. Other carbides of hydrogen are 
oxidized with the same success, giving a 
variety of appropriate products. M. 

Berthelot's latest success has been the 
synthesis of toluene (carbon 14, hydro
gen 8), produced by the addition of 
marsh gas (carbon 2, hydrogen 4) to ben
zine (carbon 12, hydrogen 6) with the 
elimination of two parts of hydrogen." 

"A new gas engine, exhibited by Otto 
and Langen, has some interesting and 
perhaps valuable peculiarities. The pis
ton is shot upward through the length of 
the cylinder by the explOSion at its foot 
but does no work on this stroke, moving 
freely. The elastic pressure of the air 
against the vacuum thus formed stops 
the piston gracefully and sends it back 
with the whole force of the atmospheriC 
pressure added to the weight of the 
piston, this time gearing into a pinion 
and doing good service." 

"There have been numerous theories 
proposed to account for the production 
of mineral oils, among which the fol
lowing is advanced by Professor Wilbur. 
He believes that oil has been formed 
from marine vegetation, just as coal has 
been formed from land vegetation. Sea
weed has a large proportion of oily car
bonaceous matter, and few persons have 
any adequate conception of the immense 
growth and deposit of this product in the 
ocean bottom every- year. Each crop, 
after fulfilling its term of growth, be
comes detached and sinks to the bottom, 
naturally accumulating in the hollows 
or pockets. As it is a received opinion 
among geologists that the eastern por
tion of the North American continent 
was once the bed of a salt-water ocean, 
the accumulated masses of seaweed, 
after being covered with deposits of 
stratified rock, might with probability 
be supposed to have eventually the form 
of a hydro-carbon oil." 
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Report from 

BELL 
LABORATORIES 

Programming Complex 
Problems Simply 

1. A program for GRAPHIC I lets 
engineer W. H. Ninke draw a circuit 
diagram on a cathode ray tube, 
using familiar component symbols. 

3. He next guides components into 
place. Where necessary, he can mark 
certain ones "variable" by placing a 
slant arrow across each. 

5. He asks the central computer to 
use this information to calculate and 
display a curve of gain vs. frequency 
response for the circuit. 

2. In describing a circuit problem 
to the computer, he guides nodes 
(circuit junction points) into place 
with a light pen. 

4. With a keyboard, which resembles 
a typewriter, he inserts the values 
of the various components and the 
operating conditions of the circuit. 

6. Seeing the curve, he may modify 
the circuit, insert new values for var
iable components, request the com
puter to recalculate performance. 

Scientists at Bell Telephone Labora
tories have improved communications 
between engineers studying circuits 

and the computer that helps them. The 
key is an experimental console on which 
the engineer works with familiar graph
ics: component symbols, performance 
curves, and so on. 

The engineer composes a circuit on 
a cathode-ray tube, inserts component 

values, makes certain components var
iable, as required. The display equip
ment responds immediately to his com
mands. As he proceeds, the console 
displays appropriate operating instruc

tions. At his request, the computer cal
culates and displays circuit perform
ance. He may adjust the variable com
ponents or revise the circuit and call 
for performance calculation again. 

This sophisticated tool is not needed 
in routine circuit design. Its principal 
use will be where well established, 
highly automated design procedures 
do not exist-for example, when inves
tigating effects of temperature, com
ponent tolerances, and stray coupling. 
The "conversational" ability promises 

to make this hardware-software system 
a valuable laboratory tool. 

The console itself is GRAPHIC I, a 
man/machine computer terminal de
veloped at Bell Laboratories. It includes 
a cathode-ray display, a keyboard for 
inserting letters or numbers, a light pen 
for selecting and positioning symbols 
on the tube, and a small display-control 
computer. Network analysis is handled 
by a separate large digital computer 
on a shared-time basis. 

The circuit-analysis program is only 
one of several compiled for GRAPHIC I 
at Bell Laboratories. Others help gen
erate integrated-circuit masks, design 
wiring patterns for magnetic-core logic 
devices, or retrieve documents. A spe
cial compiler (program for making 
programs) has been developed f�r 
GRAPHIC I. It is GRIN - for GRaphic 

INput. 

Based on GRAPHIC I, a new genera
tion of graphic terminals will be installed 
as par t of an overall computer fa
cility at Bell Laboratories. 

@ Bell Telephone Laboratories 
II!' Research and Development Unit of the Bell SYstem 
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THE AUTHORS 

J. HERBERT HOLLOMON ("The 
U.S. Patent System") is Acting Under 
Secretary of Commerce. He is an alum
nus of the Massachusetts Institute of 
Technology, from which he received a 
bachelor's degree in 1940 and a doctor
ate in 1946. From 1946 to 1962 he was 
with the General Electric Company, 
progressing from metallurgist to man
ager of metallurgy to general manager of 
the general engineering laboratory. In 
1962 he became the first to hold the post 
of Assistant Secretary of Commerce for 
Science and Technology, where his re
sponsibilities include supervision of the 
U.S. Patent Office. Early this year Presi
dent Johnson assigned to Hollomon the 
additional duties of Acting Under Secre
tary of Commerce. Hollomon organized 
and is chairman of the Commerce Tech
nical Advisory Board, which he describes 
as a "significant but little known instru
ment for achieving good public policy." 

P. J. E. PEEBLES and DAVID T. 
WILKINSON ("The Primeval Fireball") 
are assistant professors of physics at 
Princeton University. Peebles was gradu
ateJ from the University of Manitoba 
and obtained a Ph.D. at Princeton in 
1961. Wilkinson received bachelor's, 
master's and doctor's degrees from the 
University of Michigan. At Princeton 
their major concern is achie\-ing a better 
understanding of gravity. They write: 
"Since gravity is such a miserably weak 
force in the laboratory, we have turned 
more and more to clues that might be 
uncovered on the much larger scale pro
vided by geophysics, astrophysics and 
even cosmology." In their collaboration 
Peebles is the theorist, Wilkinson the ex
perimentalist. They write that for outside 
activities Peebles "raises tropical fish and 
weird plants," vVilkinson "is active in the 
Unitarian Church and is a jazz fan" and 
"both enjoy beachcombing along the 
New Jersey shoreline." 

RENE MILLON ("Teotihuacan") is 
professor of anthropology at the Univer
sity of Rochester. He took all his degrees 
at Columbia University, beginning with 
a baccalaureate in 1948 and ending with 
a Ph.D. in 1955. His doctoral disserta
tion, "vVhen Money Grew on Trees," 
dealt with the use of the cacao bean as 
money in Middle America before the ar
rival of the Spanish colonizers. Millon 
taught at the University of California at 
Berkeley from 1957 to 1961 and was a 
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fellow of the Center for Advanced Study 
in the Behavioral Sciences in Stanford, 
Calif., in 1962-1963. Millon's work at 
Teotihuacan is supported by the Na
tional Science Foundation. His col
leagues in the work include Bruce Drew
itt of the University of Toronto, who is 
assistant director; George Cowgill of 
Brandeis University, who has done com
puter analyses, and Michael Spence of 
the University of Southern Illinois, who 
has analyzed obsidian. Ceramic chronol
ogy was developed by James Bennyhoff 
of the University of California at Berke
ley. 

RUTH HUBBARD and ALLEN 
KROPF ("Molecular Isomers in Vision") 
are respectively resident associate in bi
ology at Harvard University and asso
ciate professor of chemistry at Amherst 
College. Miss Hubbard, who was born 
in Vienna, took a Ph.D. in biology at 
Radcliffe College in 1950 and since then, 
except for a year as a Guggenheim fellow 
in Copenhagen, has worked with George 
Wald (to whom she was married in 1958) 

in his laboratory at Harvard. Kropf, who 
was graduated from Queens College in 
1951 and obtained a Ph.D. at the Uni
versity of Utah in 1954, became inter
ested in the chemistry of vision after 
hearing Wald lecture on the subject at 
the University of Utah. From 1956 to 
1958 Kropf worked with Wald at Har
vard, going to Amherst in 1958. 

ALEXANDER LEMPICKI and HAR
OLD SAMELSON ("Liquid Lasers") 
are with the General Telephone & Elec
tronics Laboratories, Lempicki as man
ager of the quantum physics group and 
Samelson as senior scientist. Lempicki, a 
native of Poland, was active in the Polish 
underground movement during World 
War II. After the war he studied at the 
Jagiellonian Uni-versity in Cracow, the 
University of Rome and the Imperial 
College of Science and Technology in 
London. He received a Ph.D. from the 
University of London in 1960, based on 
work he had done in his present labora
tory since arriving in the U.S. in 1955. 

Samelson, who was graduated from 
Columbia College in 1947, went on to 
graduate school at Columbia and ob
tained a Ph.D. in 1952. He was at the 
Bell Telephone Laboratories for two 
years before joining General Telephone. 

SULLIVAN S. MARSDEN, JR., and 
STANLEY N. DAVIS ("Geological Sub
sidence") work at Stanford University; 
Marsden is professor of petroleum en
gineering and Davis is professor of ge
ology. Marsden was graduated from 

Stanford in 1944 and received a Ph.D. 
in physical chemistry there in 1948. Be
fore joining the Stanford faculty in 1957 

he was with the Stanford Research Insti
tute in California, the National Chemical 
Laboratory of India and Pennsylvania 
State University. During the academic 
year 1963-1964 he was visiting pro
fessor of petroleum engineering at the 
University of Tokyo. Davis was gradu
ated from the University of Nevada 
in 1949 and obtained master's and 
doctor's degrees at the University of 
Kansas and Yale University respectively. 
He has been at Stanford since 1954, ex
cept for a year at the University of Chile. 
He writes that his outside interests in
clude the growing of trees and "study of 
the interaction of science and pseudo
science." 

PAUL R. EHRLICH and PETER H. 
RAVEN ("Butterflies and Plants") are 
respectively professor and associate pro
fessor of biological sciences at Stanford 
University. Ehrlich, who was graduated 
from the University of Pennsylvania in 
1953 and received a doctorate in ento
mology from the University of Kansas in 
1957, has been at Stanford since 1959. 

His primary interest is in the structure, 
dynamics and genetics of natural popu
lations of animals. Raven, who was grad
uated from the University of California 
at Berkeley in 1957 and obtained a 
Ph.D. in botany from the University of 
California at Los Angeles in 1960, went 
to Stanford in 1962. His principal con
cerns are the biosystematics and evolu
tion of the higher plants and their pol
lination systems. 

BERNARD W. AGRANOFF ("Mem
ory and Protein Synthesis") is cOOl·dina
tor of biological science in the Mental 
Health Research Institute at the Univer
sity of Michigan. He holds a medical de
gree, which he received at Wayne State 
University in 1950, but he has worked 
mainly as a research biochemist. From 
1954 to 1960 he was a research biochem
ist at the National Institute of Neurologi
cal Diseases and Blindness; he went to 
Michigan in 1960. For the past three 
years he has been engaged in research 
on biochemical aspects of the formation 
of memory in the goldfish. 

O. R. FRISCH, who in this issue re
views Niels Bohr: His Life and Work as 
Seen by His Friends and Colleagues, 
edited by S. Rozental, and Niels Bohr: 
The Man, His Science, and the World 
They Changed, by Ruth Moore, is pro
fessor of physics at the University of 
Cambridge. 
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You are now face to face 
with faster com puter _ 

input and data display. 

The new Burroughs I nput and 
Display System gives you an instant 
visual link to your Burroughs com
puter-for input and output-from 
any point in the country. 
To communicate with the computer, 
you simply type your message on the 
keyboard, which is designed much like 
a standard typewriter. As you type, 
the message appears on the TV-like 
screen. Check it over. Correct it from 
the keyboard. No need to hurry; proc
cess or time is not involved until you 
are ready. When you are, just press a 
key for instantaneous transmission to 
the computer. 

The computer's message comes back 
to you, on the screen, the instant 
it's prepared. It's that simple. It's 
silent. It's fast. And information may 
be retrieved for revision and then 
returned to the computer just as easily. 

Uses? On-line keypunching. Inventory 
control. Bank teller inquiry. Up
dating or altering stored computer 
information. Management informa
tion retrieval. Order entry. Hospital 
patient data retrieval. In fact, any 
application in which you can benefit 
from speedy conversation with your 
computer. 

Burroughs Input and Display Sys
tems are available with one or multiple 
monitor/keyboards per control unit. 
Each 9 x 12-inch screen projects up to 
25 lines of 80 positions each. A printer 
is available if you need permanent 
printed records. 

This new video link is just one of the 
many ways a Burroughs 500 System 
computer displays its responsiveness 
to your needs. For full details of this 
and other advanced 500 System capa
bilities, write Burroughs Corporation, 
Detroit, Michigan 48232. �. 
Burroughs ...u 
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Submarines at Work: A report from General Dynamics 
For sale: Choice 400-acre plot west of 
Bermuda. Lat,. 32° 06'N., long. 64° 04' 
W. 250 fathoms down. Ideal for algae 
farming, fish grazing. Includes all wa
ter rights to surface and bottom min
eral rights. 

A farm at the bottom of the ocean? 
Before this century is over, man will 

undoubtedly be farming, mining and 
manufacturing under the sea. With the 
world population growing and our 
natural resources shrinking, we will 
have to exploit the oceans for neces
sary food supplies and raw materials. 

But before it happens, we must learn 
how to live and work in the strange 
and hostile marine environment. 

Blue collar submarines: 

A new breed of fish-the research sub
marine-has already begun the job of 
exploring and working in the depths of 
the ocean. 

Unlike World War II submarines, 
which could dive to only a few hun
dred feet, research submarines will 
have to descend thousands of feet. 
And unlike bathyscaphs, which are 
essentially underwater elevators, re
search submarines move and maneu
ver under their own power and can 
perform a variety of jobs. In fact, "re
search" is a misnomer; they are really 
working submarines. 

General Dynamics, which delivered 
the first submarine to the United States 
Navy in 1900, has already built five 
operational research submarines and 
is currently building three more. One 
of them, Aluminaut, an aluminum
hulled submarine built for Reynolds 
International, went mineral prospect
ing in 1966. 

The boat searched for deposits of 
ore along the Blake Plateau, a section 
of the Continental Shelf stretching 
from Virginia to Florida. AsAluminaut 

travelled along the bottom, it scooped 
up samples of sediment and brought 
them up to the surface escort ship. 

Doing the impossible: 

Last year, two other research subma
rines built by General Dynamics-Star 
11 and Asherah-performed jobs that 
had not been possible before. They in
spected underwater cables, diving to 
depths and carrying photographic 
equipment that puts the job well be
yond the capabilities of skin divers. 

A cable does not always lie undis
turbed on the bottom once it has been 
laid. It can be dragged by fishing nets 
and tidal currents; abraded and strained 
by rocks or sunken wreckage; and cor
roded by salt water and chewed on by 
sea life. 

Star 11, diving to depths of 1,050 
feet, inspected and took more than 
3,000 still photographs of 42 miles of 
underwater cable. 

Asherah's assignment was to inspect 
a six-inch power cable that ran for 
seven miles along the bottom of Ro
sario Strait in the state of Washington. 
Before throwing the switch that would 
send electricity through the cable, of
ficials of the Bonneville Power Ad
ministration wanted to know how the 
cable was oriented on the bottom. 

Fitted with externally mounted 
strobe lights and floodlights, a 35mm. 
still camera and a television camera, 
Asherah followed the seven miles of 
cable, making a complete record of it 
on video tape and in still photographs. 

Hunting the aku: 

The aku, or skipjack tuna, is one of 
the mainstays of Hawaii's fishing in
dustry. The annual catch of tuna in 
Hawaiian waters averages 5,000 tons
largely from netting fish near the sur-

face. Some experts believe the yield 
could be as high as 200,000 tons a year 
if a key question could be answered: 
how deep do schools of tuna live? 

In 1965, the research submarine 
Asherah, on loan to the Bureau of 
Commercial Fisheries, found the an
swer. In the course of diving to depths 
of 600 feet off Oahu, Asherah's ob
servers discovered tuna much further 
down than anyone had expected. On 
the basis of this evidence, the Bureau 
outfitted a surface ship with sonar to 
locate and track deep-swimming 
schools of tuna. A General Dynamics 
study showed the feasibility of a re
search submarine fast enough and 
with sufficient endurance to follow 
oceanic fish and to discover their mi
gratory habits and spawning and feed
ing grounds. 

Fish talk: 

Research submarines have already ex
tended our knowledge of rock and 
coral formations, the marine phenom
enon known as plankton, and the hab
its-even the conversation-of fish. 

Far from being silent, fish talk a 
great deal. During its dives off Hawaii, 
Asherah was able to record fish con
versing in their cave homes. Fish talk 
has an immediate application to un
derwater telephone communication; 
the "chattering" of fish can be picked 
up, and distort human conversation. 

In the summer of 1966, General 
Dynamics' Star 111, diving off Bermuda, 
investigated an ocean phenomenon 
that sometimes plays havoc with sonar 
listening results: the deep scattering 
layer. This is a layer of plankton
organic and plant particles that small 
fish feed on. 

Research submarines have also in
spected the understructures and foot
ings of offshore oil wells. There is a 

STAR III can carry its two-man crew and 1,500-
pound payload, including scientific equipment, 
to depths of 2,000 feet for up to 12 hours. Its 
manipulator can perform a variety of jobs. 

ASHERAH was designed and 
built by General Dynamics 
for the use of the University 
of Pennsylvania Museum. 

ALUMINAUT, built by General Dynamics for 
Reynolds International, has first all-aluminum 
hull and is the deepest diving submarine. 

@1967 General Dynamics 
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large market for submersibles capable 
of this kind of work. 

And in 1964, Asherah, diving in the 
Aegean Sea off the coast of Turkey, 
photographed the hull and cargo of a 
sunken 5th century Byzantine galley 
on the sea floor. The submarine ac
complished in one hour what would 
have taken skin divers weeks to do. 

Ambidexterity: 

Many first-generation research sub
marines have a single external manipu
lator, or "arm;' enabling them to scoop 
up sediment or pick up objects from 
the ocean floor. 

Second-generation submarines now 
under construction at General Dy
namics will have considerably greater 
work and repair capacities. 

These new submarines will have two 
manipulators, rather than one - each 
analogous to the human arm. That is, 
it has shoulder. elbow and wrist joints 
(see illustration at right). Fully ex
tended, the manipulators have an 82-
inch reach; when not in use they can 
be folded back against the hull of the 
submarine to improve its hydrody
namic motion through the water. 

Interchangeable claw "hands" will 
allow new submarines to pick up ob
jects as heavy as 100 pounds-or as 
delicate as an egg. Clamshell scoops 
enable them to collect mineral and 
marine specimens. 

But their greatest advance over pres
ent manipulators is their power tool 
capacity. Detachable snap-on tools 
will enable them to cut cables, drill 
holes, install or remove nuts on equip
ment-and do a variety of other deep
sea construction and repair work. 

Manipulators may be operated in
dependently of each other or together, 
depending on the nature of the job. 

With manipulators that approach 
the human arm in dexterity and con
trol-and exceed it in reach,.strength 
and versatility-the ability of research 
submarines to perform meaningful 
work will be dramatically advanced. 

General Dynamics is a company of 
scientists, engineers and skilled work
ers whose interests cover every major 
field of technology, and who produce: 
aircraft; marine, space and missile sys
tems; tactical support equipment; nu
clear, electronic, and communications 
systems; machinery; building supplies; 
coal, gases. 
Reprints of this series are available. 

GENERAL DYNAMIC:S 
One Rockefeller Pfaza, New York, New York 10020 
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The F.A.A. has to know 
the location of every 
controlled aircraft in 
the Oberlin sector, 
every minute of the day. 

Easy, when 
you talk Kleinschmidt! 

Kleinschmidt is the new language 
of modern telecommunications. 

Computers talk to warehouses. 
Headquarters talks to branch offices. 
And in the case of the Federal 
Aviation Administration, 
Kleinschmidt data printers help 
Flight Controllers keep track of the 
position of every plane under 
their control. 

Working in communications systems 
like the F.A.A.'s, the Kleinschmidt 
311 ™ Data Printer "talks" with 
unbelievable speed and simplicity. 
It prints-out up to four times as fast 
as most other teleprinters. Operates 
with far fewer moving parts and far 
more reliability. Outperforms 
all competition. 

And like other Kleinschmidt data 
printers, the 311 is compatible with 
telecommunications equipment of all 
makes. It can fit directly into the 
system you now have, or the one you 
are having designed for you. 

Of course, Kleinschmidt is a language 
most original systems manufacturers 
already understand. 

But we're always glad to repeat 
the message. 
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The U.S. Patent System 
The patent law both protects inventors and encourages the diffusion 

of inventions. The present law has not basically changed Slnce 1836, 

and it is now proposed that new circumstances call for its re()ision 

P atents are widely regarded as being 
a means of protecting inventors. A 
patent gives an inventor exclusive 

rights to something he has invented and 
thereby enables him to share in whatever 
rewards the invention may bring. That is 
certainly one of the functions of a patent, 
but it is only a secondary one. The pri
mary function is social: the society that 
issues the patent gains access to the in
vention. If there were no patents, the 
inventor would benefit most if he could 
exploit his invention while keeping it 
secret. 

The correct order of priorities is re
flected in the language of the Constitu
tion, which gives Congress power to 
"promote the Progress of Science and 
useful Arts, by securing for limited 
Times to Authors and Inventors the ex
clusive Right to their respective Writ
ings and Discoveries." Congress imple
mented that provision in 1790 with the 
first U.S. patent law: "An Act to Promote 
the Progress of Useful Arts." The patent 
system that was thereby established, to
gether with the patent systems of other 
nations, has contributed profoundly to 
the advance of technology. 

Two years ago President Johnson ap
pOinted a commission (consisting of 14 
leading businessmen, scientists, engi
neers, inventors and lawyers) to review 
the U.S. patent system, which had re
mained basically unchanged since a re
vision of the original system by Congress 
in 1836. Reporting last December, the 

by J. Herbert Hollomon 

commlsslOn said it had agreed unani
mously that "a patent system today is 
capable of continuing to provide an in
centive to research, development and in
novation." The commissioners added 
that they had "discovered no practical 
substitute for the unique service" ren
dered by the system. 

They were less satisfied with the pro
cedures of the U.S. system, and they 
recommended a number of changes. On 
the basis of the recommendations the 
President has sent to Congress the Patent 
Reform Act of 1967. The act would make 
several fundamental and far-reaching 
changes in the U.S. patent system. 

patents originally applied to much 
more than inventions. The term 

comes from the Latin litterae patentes, 
meaning "letters patent" or "open let
ters." For 1,000 years sovereigns and 
other constituted authorities issued let
ters patent to proclaim the granting of a 

special privilege, franchise, monopoly, 
office, title or honor. Letters patent were 
used to pay off royal debts and to award 
court favors. They were also used to en
courage voyages of exploration and to 
give grants of land; the Penn Charter 
issued by King Charles II to William 
Penn is an example. Letters patent were 
bestowed on towns and other groups in 
order to stimulate the expansion of fi
nance and trade. 

By the 16th century several nations 
were issuing patents that granted exclu-

sive privileges of manufacture and sale 
to citizens who had invented new de
vices or processes. Two developments in 
England during the 17th century result
ed in the establishment of principles that 
still apply to the issuance of patents for 
inventions. The first was the enunciation 
by Sir Edward Coke, the lord chief jus
tice, of the principle that a patent on an 
invention was beneficial to society even 
though it gave exclusive rights to an 
inventor. Coke pOinted out that since an 
invention is by definition something new, 
there was nothing for society to lose by 
granting a monopoly to the inventor; in 
that way the public would gain the use 
of the new invention. 

The second principle arose because of 
patent abuses. Royal patents had given 
some court favorites and creditors mo
nopolies over products that were not 
new. The fortunes made by people who 
had patent-based monopolies on such 
products as salt and paper caused public 
indignation and resulted in the establish
ment of the principle that a patent 
should be awarded only for a uniquely 
new device or process. 

In the American colonies the colonial 
legislatures undertook to control patents. 
Most of the legislatures were quite re
strictive in their patent practices. No 
exclusive rights were given unless they 
would be profitable to the colony; even 
when issued, the rights remained in 
effect for only a short time. An inventor 
seeking a patent had to obtain a special 
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act of his legislature, which based its de
cisions more on service to the public 
than on reward to the inventor. 

W ith the adoption of the Constitution 
the control of patents passed into 

the hands of Congress. The patent law 
of 1790 stipulated that patents would be 
granted for "any useful art, manufacture, 
engine, machine or device or any im
provement thereon not before known or 
used." In the same year the first U.S. 
patent was issued to Samuel Hopkins of 
Philadelphia for "the making of Pot-ash 
and Pearl-ash by a new Apparatus and 
Process." Hopkins' patent was signed by 
President Washington, Attorney General 
Edmund Randolph and Secretary of 
State Thomas Jefferson. 

In the beginning the requirements for 
obtaining a U.S. patent were rather sim-

pIe. The inventor filed a written descrip
tion of his invention, accompanied by 
drawings and a model, and paid the fee, 
which was about $5. For a brief period 
the Government undertook to establish 
the validity of inventions by examining 
each application before granting a pat
ent, but such examinations were aban
doned in 1793. 

Eventually the lack of examination led 
to a multitude of conflicting claims. In 
1836 Senator John Ruggles of Maine, 
chairman of a Senate committee appoint
ed to investigate the patent situation, re
ported: "Many patents granted are 
worthless and void and conflict upon one 
another, and a great many law suits arise 
from this condition. Frauds develop. 
People copy existing patents, make slight 
changes and are granted patents. Pat
ents have become of little value, and the 

object of the patent laws is in great mea
sure defeated." 

The result of the investigation was the 
patent law of 1836, which required that 
all patent applications be examined to 
determine the novelty of the claimed in
vention. That rule still prevails. So does 
the authority of the patent commissioner 
to require the submission of a model 
with a patent application, although the 
authority is seldom invoked because it 
became apparent years ago that the Gov
ernment would be inundated with mod
els. Patent models used to be a major 
tourist attraction in Washington; note
worthy models are still on display at the 
Smithsonian Institution. 

Today the patent system is again la
boring under difficulties, although 

they differ entirely from those of 1836. 
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FIRST u.s. PATENT was issued in 1790 to Samuel Hopkins of 

Philadelphia. It said that he "hath discovered an Improvement, 

not known or used before," involving "the making of Pot-ash and 

Pearl·ash by a new Apparatus and Process." The patent was signed 

by President Washington and Edmund Randolph, Attorney Gen· 

eral, and on the back by Thomas Jefferson, the Secretary of State. 
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The present problems arise from the 
volume of patent applications, the ex
pense an inventor frequently must incur 
to obtain a patent and the impairment of 
international trade that results from in
consistent patent practices among na
tions. In order to see these problems in 
perspective one needs to consider some 
of the philosophical and economic as
pects of patent systems. 

In this country a patent is defined by 
the Patent Office, which is part of the 
Department of Commerce, as a "grant 
issued by the United States Government 
giving an inventor the right to exclude all 
others from making, using, or selling his 
invention within the United States, its 
territories and possessions" for a speci
fied number of years. A patent, then, 
does not give its holder the absolute 
right to do something; it gives him the 
right to prevent other people from doing 
something. The distinction is significant 
for two reasons. First, a patent does not 
provide immunity from other laws if in 
the process of putting an invention into 
practice the patent-holder comes into 
conRict with those laws. Like real prop
erty, intellectual property can be owned, 
used exclusively and protected, but it 
cannot be used to harm others or to de
prive them of their rights. 

Second, the issuance of a patent does 
not automatically mean that the state 
of the art in a particular field will be ad
vanced or that the invention will be used 
or that someone will benefit by the new 
knowledge disclosed in the patent. 
Achievement of these objectives is the 
function of the process of innovation, 
which is quite different from and in 
some ways independent of the process 
of invention. The definition of the two 
terms is important. Invention involves 
the conception of an idea; innovation is 
the process by which an invention or 
idea is translated into actual use. 

What a patent system provides, in the 
form of a patent, is a quid PTO quo be
tween the inventor and society. He re
ceives a limited monopoly, which gives 
him an opportunity for financial reward 
if the invention is translated into com
mercial reality; hence the patent system 
provides him with an incentive to invent. 
Society receives the benefit of the in
ventor's insight. If one takes the long 
view, it is evident that the financial re
wards obtained by inventors are more 
than offset by the society's gains from 
the enrichment of knowledge, the stimu
lation of technology and the growth of 
the economy. 

These ideas were foremost in the 
minds of the men who wrote the patent 

THOMAS AL VA EDISON obtained 1,093 U.S. patents, the largest number awarded to any 

single inventor. One of his inventions was the phonograph, to which he is shown listening. 

provision of the Constitution. The same 
ideas provide the rationale of the U.S. 
patent system today. If technological 
progress was essential to the nation's ex
pansion across the continent in the 19th 
century, it is clearly essential to the ful
fillment of our aspirations today. 

Ist us consider another aspect of pat-
ents: the role of patents in the econ

omy. Patents have an obvious impor
tance to companies that have any de
gree of technological base. Beyond that 
three particularly intriguing questions 
present themselves. How effective are 
the processes of invention and innova
tion in commerce today? Are there sig
nificant differences related to the size 
of companies? Are there advantages or 
disadvantages for companies in certain 
geographical areas? 

Billions of dollars are spent annually 
in the U.S. for research and develop
ment and for innovation. Nevertheless, 
the amount of detailed knowledge about 
the processes of technological change 
and economic growth is limited. For ex
ample, it is widely believed that the lone 
inventor, tinkering away in a garret or a 
garage, has become an anachronism. It 
is also thought that large companies, 
which conduct most of the private re
search and development in the country, 
obtain most of the patents. 

The facts are that about 25 percent of 
the U.S. patents issued annually go to 
individuals and that half of the patents 
issued to private industry go to small 
companies. (Private industry receives 
about 70 percent of the patents issued; 
the Government and nonprofit institu
tions receive about 5 percent.) In this 
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century alone individual inventors and 
small companies have made such out
standing inventive contributions as the 
vacuum tube, xerography, DDT, me
tallic titanium, the zipper, automatic 
transmissions, the gyrocompass, frequen
cy-modulation radio, the self-winding 
wristwatch, the helicopter, power steer
ing, air conditioning and the Polaroid 
camera. 

John Enos of the Massachusetts In
stitute of Technology studied seven ma
jor inventions dealing with the refining 
of petroleum. He found that all seven 
were made by independent inventors. 
Merton Peck of Harvard University 
studied 149 inventions in the aluminum 
industry. Of the seven regarded as the 
most important, only one had come from 
a major producer of aluminum. 

It seems evident that the record of 
individuals and small companies chal
lenges large companies to make a better 
showing for their substantial investment 
in research and development. There are 
two ways in which the large companies 
might meet the challenge. They could 
explore new ways of working with small, 
technologically based companies. Alter
natively, they could develop internal 
subgroups that would seek to develop 
the entrepreneurial spirit found in small 
companies while benefiting from the re
sources of the large company. 

The question of the geographical dis
tribution of patents was one of the mat
ters investigated recently by a panel of 
15 representatives of industry, the uni
versities and several specialities of law 
including patent law. The panel, which 
was concerned with technological inno
vation and should not be confused with 
the President's Commission on the Pat
ent System, was organized by the Com
merce Technical Advisory Board of the 
Department of Commerce. The panelists 
found that some cities generate many 
more new technological enterprises than 
other cities do. Boston, for example, is 
appreciably ahead of Philadelphia. 

Some light is shed on this particular 
disparity by a study made by the Fed
eral Reserve Bank of Philadelphia; the 
data would seem to apply to a number 
of other areas. In the course of the study, 
executives of companies in Boston and 
Philadelphia were asked about the role 
of local universities in stimulating small, 
science-based firms and about the atti
tude of local banks toward financing 
such firms. Without exception the Bos
ton respondents stated that local uni
versities played an important role and 
that the attitude of local banks was good 
or excellent. In contrast, the Philadelphia 
executives replied without exception 
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that local universities played a small role 
in stimulating technological companies; 
the attitude of local banks was described 
variously as "unreceptive," "poor" and 
"bad." 

The data I have put forward suggest 
the description of an ideal environment 
for technological innovation. One rc
quirement is a dynamic situation with re
gard to such variables as market needs, 
the level of income and the stage of 
econ.omic development. In addition the 
environment needs (1) sophisticated 
sources of venture capital; (2) technical 
universities that feel comfortable in an 
entrepreneurial climate; (3) individual 
entrepreneurs who have been influenceu 
by and can learn from other entrepre
neurs, and (4) good working relations 
among these three elements. 

p atents play a significant role in inter-
national commerce. A high produc

tion of inventions and patents reflects a 
strong and growing economy and en
hances a nation's competitive position in 
international trade. The U.S. position in 
world trade is of vital importance, as is 
the continued strength of the American 
dollar, because much of that trade flows 
on the dollar. The U.S. is the world's 
largest trader. When it has a deficit in 
the international balance of payments, 
as it currently does, every trading nation 
is affected. The strongest single com-

ponent on the plus side of the ledger is 
the American' export trade, currently 
running at an annual rate of more than 
$30 billion per year. A significant por
tion of the exports consists of high-tech
nology goods such as television, com
puters and aircraft. The high-technology 
content of American exports is reflected 
in the fact that more than 75 percent of 
the manufactured exports are produced 
by industries in whieh the hourly wage 
rates are above the national average for 
all manufacturing industries. 

Patents enter directly into one element 
of the total balance of payments. This is 
in the technological balance of pay
ments, a term used to describe the ex
change among countries of payments for 
technical knowledge, patent royalties, 
licensing agreements and the like. A 
stuuy by the Organization for Economic 
Cooperation and Development, covering 
the year 1961, showed that the U.S. paid 
$6:3 million for items included in the 
technological balance of pay�ents and 
received $577 million from other coun
tries. From the American standpoint this 
is a very favorable balance. Other na
tions understandably take a different 
view. To them, particularly the countries 
of western Europe, the deficit in the 
technological balance of payments pro
vides further evidence of the "technol
ogy gap" they see between themselves 
and the U.S. The problem is complex 
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"FLYING MACHINE" was patented by Orville and Wilbur Wright 

in 1906. This is the first of five drawings they submitted to explain 
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"NEUTRONIC REACTOR" was the subject of a patent awarded 

to Enrico Fermi and others in 1955. They had applied for the 

patent in 1944; the delay was partly due to conditions of wartime 
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the aircraft that are discussed in the seven·page text of the patent. 
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secrecy. The drawing, one of 4·2 accompanying the patent, was de· 

scrihed by the inventors as representing "a perspective view of a 

uranium·graphite reactor completely enclosed in a radiation shield." 
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and deserves a separate discussion of 
its own. It is noteworthy, however, that 
Japan, which has consistently rlm a defi
cit in its technological balance of pay
ments, has at the same time achieved a 
rate of economic growth that any nation 
would welcome. 

I believe the case for the importance of 
a patent system is clear. Against the 

background I have sketched, how effec
tively has the American system been 
operating? It certainly deserves good 
marks for efFOl:t; many important admin
istrative and organizational improve
ments have been made in the Patent 
Office and in the system itself. The pat
ent commissioner is limited, however, in 
the extent to which he can undertake 
such improvements. The procedural re
quirements outlined in the patent laws 
constitute one limitation. Another is that 
the commissioner, who is responsible for 
the quantity and quality of the Patent 
Office's output, has no control over the 
volume and scientific complexity of the 
input, which is in the form of patent ap
plications. 

In terms of output, and given the ex
isting limitations, the Patent Office falls 
short of maximum efficiency. The back
log of pending patent applications now 
stands at more than 200,000. Although 
in fiscal 1966 the office concluded action 
on 91,059 applications-issuing a record 
66,243 patents-the number of new ap
plications also set a record of 93,022. 

The period between the filing of an 
application and the issuance of a patent 
now averages two and a half years. In a 
substantial number of cases the period is 
considerably longer. A recent increase in 
fees has raised the cost of obtaining a 
patent. The filing fee averages $85; the 
fee to be paid when a patent is issued 
averages $140. These are only the Gov
ernment fees; most applicants also pay 
for the services of patent lawyers. 

The fact that it now takes about three 
years to obtain a patent gives the patent 
system a bias in favor of large corpora
tions. They have the resources for mak
ing certain before filing an application 
that their invention is new and patent
able. They also have the resources for 
tooling up for a new process while a 
patent is pending. When the patent is 
issued, they can start to use the new 
process at once. They will benefit from 
the full term of the patent, which is 17 
years from the date of issuance. An indi
vidual or a small company usually cannot 
make such extensive preparations and so 
may not be able to tool up until the pat
ent is issued. The effective term of the 

\No Model.) 4 Sheets-Sheet 2. 
C . . E. DURYEA. 

ROAD VEHICLE. 
No. 540,648. 

, 
, 
II " (' " (, .. (' .' 

i/ � '( ;, " i./ 

Patented June II, 1895. 

'�,' 
f ' 1/ 

// " 
I, /1 " 

// 
(/ 

, , 
I ' 

/ " 
/,' I, 

"ROAD VEHICLE" was patented by Charles E. Duryea in 1895. It was designed for a gaso

line engine, although the patent related to the suspension and gearing of the vehicle rather 

than the motor. The patent was the first for a U.S.·made gasoline·powered automobile. 

patent is accordingly shortened by the 
time it takes the inventor to start bene
fiting from the patent. 

A major difficulty confronting the 
patent systems of all countries arises 
from the fact that a patent confers pro
tection only within the issuing nation. 
As a result every company interested in 
doing business abroad or desirous of pro
tection from foreign competition against 
a patented product must apply for pat
ents in several countries, The effect of 
this situation is that roughly half of 
the 650,000 patent applications filed 
throughout the world last year were du
plicate or multiple filings of the same in-

vention, The added burden on the patent 
offices of the world is staggering. 

In 1965 American companies and in
dividuals filed more than 100,000 patent 
applications in foreign countries, based 
on about 20,000 applications in the U.S. 
Foreign filings in the U,S. Patent Office 
that year totaled more than 22,000. It is 
estimated that in 1972 some 30,000 of 
the 100,000 patent applications that 
will be filed in the U.S, will originate 
abroad and will be duplicates of appli
cations filed abroad. In turn 30,000 of 
the 70,000 applications originating in 
this country will be filed in an average 
of five foreign countries each, giving rise 
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GRAPEFRUIT SHIELD, patented in 1928, is one of many patented devices that never 

achieved much commercial success. It was intended to prevent the spattering of the juice. 
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SALUTING DEVICE. �=��p�atented Mar. 10, 1896. 

AUTOMATIC HAT·TIPPER was patented in 1896. Described by its inventor as a "salut· 

ing device," apparatus was designed to enable a man to tip his hat without using his hands. 
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to an additional 150,000 worldwide ap
plications. 

In current international practi<:e each 
of these applications will be indepen
dently searched and examined by each 
country requiring search and examina
tion. Multiple filing has created what is 
referred to as the "international patent 
crisis." For the American inventor or 
company the practice can make the cost 
of obtaining sufficient protection in for
eign countries run to thousands of dol
lars. A large company milY find the ex
pense tolerable, but an individual or a 
small business may not and will there
fore be at a disadvantage. 

The difficulties I have described are 
the targets of the proposals in the 

Patent Reform Act of 1967. President 
Johnson declared in transmitting the act 
that "its purposes are threefold: (1) to 
raise the quality and reliability of U.S. 
patents; (2) to reduce the time and ex
pense of obtaining and protecting a 
patent; (3) to speed public disclosure of 
scientific and technological information." 
These changes, the President said, "will 
accomplish another important objective
they will bring the U.S. patent system 
more closely into harmony with those of 
other nations." 

Probably the most significant of the 
many changes the bill would make is the 
establishment of a first-to-file basis for 
awarding patents. Under present law a 
patent may be issued to the first inventor, 
even if he is not the first person to file 
an application for a patent on the inven
tion. 'When conflicting claims arise, a 
complex, costly and time-consuming "in
terference proceeding" is often necessary 
to determine who was the first inventor. 

The President's Commission on the 
Patent System concluded that it would 
be far more equitable to award a patent 
to the inventor "who first appreciated the 
worth of the invention and promptly 
acted to make the invention available to 
the public." The change would permit 
the U.S. patent system to become com
patible with the system of most other 
countries, thus contributing to the pos
sibility of establishing an international 
patent system that would obviate the 
need for filing patent applications in 
several countries. A first-to-file system 
would also increase the quality and re
liability of U.S. patents. In the present 
situation a patentee has to go through 
a period of doubt about his right to the 
patent because for a limited time the 
right can be challenged by anyone who 
contends that he made the same inven
tion first. Even if the patent survives this 

© 1967 SCIENTIFIC AMERICAN, INC



period, it may be declared invalid by a 
court on the ground that the patentee 
was not the first inventor. 

Another effect of a first-to-file system 
would be to encourage earlier disclosures 
of new technology. Suppose an inventor 
wants more time to tinker with his in
vention or thinks he would have greater 
commercial success by going on the 
market later. Under the present system 
he can delay his application for a patent 
with reasonable confidence that if an
other application is filed first, he can 
prove by records or witnesses that he 
was the first inventor. 

To provide an inventor with a rea
sonable period in which to develop and 
test his invention the Patent Reform 
Act would permit him to file an informal 
technical disclosure of his invention at a 
nominal fee of perhaps $10. In this way 
he would establish himself legally as the 
first person to file for a patent on that 
invention. 

The preliminary application and the 
first-to-file system together would reduce 
the time and expense of obtaining and 
protecting a patent. In addition to elimi
nating the burdensome interference pro
ceeding the first-to-file approach would 
obviate the need for the elaborate rec
ord-keeping now practiced by sophisti
cated inventors and companies either to 
support their own patents or to use as a 
defense against the patents of competi
tors. To put the matter another way, the 
proposed system would remove the bias 
that now exists against individuals and 
small companies that are unfamiliar with 
the ground rules on what records will be 
most effective in proving that one was 
the first to invent something. 

Under present law pending applica-
tions for patents are kept secret until 

a patent is granted. The bill proposes 
that a pending application be published 
18 to 24 months after its effective filing 
date. The purpose of the change would 
be to speed the disclosure of new knowl
edge. 

The term of an American patent now 
extends for a period of 17 years from the 
date of issuance. The proposed law 
would make the term 20 years from the 
date on which the application for the 
patent was filed. The present system 
encourages deliberate delays in the 
prosecution of patent applications, par
ticularly those filed primarily for spec
ulative reasons. Under the proposed 
reform an applicant would have an in
centive to prosecute his application dili
gently; the change would help in the 
earlier disclosure of technology and also 

PATENT FILE in the V.S. Patent Office has copies of almost all V.S. patents. American 

patents were unnumbered until 1836; since then the V.S. has issued more than 3,250,000. 

would bring the American patent system 
into closer conformity with foreign sys
tems. 

The final change I shall cite relates 
to the practice of examining applications 
for patents. An examination, which is 
made of every application, entails a 
search of technical literature and exist
ing patents to see if the claimed inven
tion is really new. An examination can 
take a long time. Moreover, the number 
of applications filed in a year usually ex
ceeds the number of examinations that 
the Patent Office can complete during 
the year. For these reasons the examina
tion system is the principal cause of the 
backlog in the Patent Office. 

The proposed revision would provide 
standby authority for deferring examina
tions. An applicant could elect to have 
his patent application published im-

mediately with examination deferred for 
up to five years. If by then neither he nor 
a third party had asked for an examina
tion, the invention would go into the 
public domain unpatented. The change 
would reduce the work load of the Pat
ent Office, because applications for pat
ents on inventions that proved to have 
little economic significance probably 
never would be examined. 

The Patent Reform Act has drawn 
some opposition, as might be expected 
with any proposal to make fundamental 
changes in a long-established system that 
has built up an elaborate structure of 
traditional practices. I would not argue 
that the act is the last word on patent re
form. It does seem evident, however, 
that agreement on the need to modern
ize the patent system is virtually unani
mous. 
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THE PRIMEVAL FIREBALL 

The earth is bathed in radio waves that appear to have originated 

at the time of the primordial "big bang." This radiation provides 

the cosmologist ,vith a rare new clue to the nature of the universe 

by P. J. E. Peebles and David T. Wilkinson 

Modem cosmology undertakes to 
substitute observational science 
for myth and speculation in 

dealing with such issues as: How did the 
universe originate? What is it like now? 
What will be its fate? Unfortunately the 
observational evidence is meager. There 
is a wealth of data but one becomes lost 
in detail; there is need for observations 
of simple and large-scale phenomena, 
the essential bases of theory. As a 
matter of fact, most contemporary cos
mologies stem from just one such obser
vation: Edwin P. Hubble's discovery that 
other galaxies are moving away from 
ours, and are doing so at speeds that are 
greater the more distant the galaxy. This 
general recession is the basis for such 
widely different concepts as the "big 
bang" cosmology (which holds that the 
universe originated in a superdense state 
some seven billion years ago) and the 
"steady state" one (in which the universe 
looks exactly the same through all time
past, present and future). 

It now appears that radio astronomers 
have discovered another basic cosmo
logical phenomenon that, like the reces
sion of the galaxies, provides a view of 
the universe on a truly universal scale. It 
is low-energy cosmic radio radiation that 
apparently fills the universe and bathes 
the earth from all directions. Intense 
enough to be received by conventional 
radio telescopes, it has undoubtedly been 
detected, but not recognized, for years; 
indeed, it accounts for some of the 
"snow" seen on a television screen. vVhen 
it was discovered by Arno A. Penzias and 
Robert W. Wilson of the Bell Telephone 
Laboratories about two years ago, they 
realized that it could not have originated 
in the earth's atmosphere or in our gal
axy. It did fit in well, however, with an 
earlier suggestion by Robert H. Dicke of 
Princeton University that one ought to be 
able to detect a new kind of cosmic radio 
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radiation: a "primeval fireball" of radia
tion surviving from the earliest days of 
the universe, when the universe was 
enormously hot and contracted. The 
theory and observation of this primeval 
fireball has been the subject of consider
able work and excitement for us and 
several colleagues at Princeton: Dicke, 
P. G. Roll and R. B. Partridge. 

The discovery and identification of 
this radiation must be considered a rev
olutionary development in cosmology. If, 
as we now believe, it is indeed the pri
meval fireball, it provides a view of the 
very early universe, just as optical radia
tion provides a look at the universe of 
more recent times. Our colleague John 
A. Wheeler has suggested an analogy: 
Compare man's observations of the 
evolving universe with the view down
ward from the observation platform of 
the Empire State Building. Street level 
corresponds to the beginning of the ex
pansion of the universe. The most distant 
galaxy discovered so far then corre
sponds to a view down to the 60th floor, 
and the most distant quasi-stellar 
sources are at about the 20th floor. The 
fireball radiation is equivalent to a 
glimpse of something just half an inch 
above the street! With this expanded 
view of early events in the universe one 
may hope for a corresponding improve
ment in cosmological theory. 

The concept of the primeval fireball is 
grounded on Hubble's observation of 

the general recession and the idea that 
flows from it: that the universe is in a 
state of rapid expansion. If this is so, ac
cording to big-bang theories at some 
time in the distant past-about seven 
billion years ago-all the matter in the 
universe must have been packed to
gether in an inferno of particles and ra
diation. As the universe expanded out of 
this holocaust the matter cooled and 

condensed to form galaxies and stars. 
The radiation, which had started out as 
enormously energetic gamma rays, was 
also "cooled" by the expansion; its wave
length increased and it now appears 
mostly in the radio and microwave 
bands. The idea of a "fireball" dating 
from the big bang can be somewhat 
misleading, because what we have in 
mind is not radiation from some localized 
explOSion off in one corner of the uni
verse. The earth is immersed in this 
fireball; the radiation comes at us from 
every direction, and any observer any
where in the universe should detect it 
as coming equally from all directions. 

This is consistent with the basic the
Ol'etical framework developed between 
40 and 50 years ago by Albert Einstein, 
Willem de Sitter, Alexander Friedmann, 
Georges Lemaitre and others. Basic to 
the work of all of them was the picture 
of an evolving universe that looks the 
same to all observers, no matter where 
they are. In particular such a universe 
has no boundary, no edge. It is also iso
tropic, which is to say that it looks much 
the same in any direction. The presence 
of matter causes a uniform curvature of 
space. 

A good two-dimensional analogy to 
this uniformly curved three-dimensional 
space is the surface of a balloon. The 
galaxies are inelastic polka dots pasted 
on the surface. Since the universe is ex
panding, imagine that the balloon is 
being inflated. As the balloon expands, a 
bug standing on any dot would see all 
the spots around it moving away, and it 
would see the more distant dots moving 
away more rapidly. The model thus re
produces the general recession of gal
axies and even Hubble's law: that the 
speed of recession is proportional to the 
distance of the galaxy. It also points up 
the fact that the universe has no pre
ferred center. Although the bug sees all 
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INSTRUMENT with which the primeval fireball is observed at 

Princeton University is a recent version of the Dicke radiometer, 

seen here from above. The antenna horns extend to the left and 

RADIOMETER is seen in a side view with one of the horns in 

position to receive radiation from the sky. The other horn of the 

radiometer is coupled to a wave guide leading to a reference 

source inside the orange Dewar flask. The source is immersed in 

right and are directed upward to collect sky radiation; a switch, 

microwave receiver and amplifier are at the center. The instrument 

is operated both in this configuration and as illustrated below. 

boiling liquid helium and is therefore known to be radiating at 

4.2 degrees Kelvin (degrees centigrade above absolute zero). The 

receiver input is switched back and forth between sky antenna 

and reference source and the intensities of the two are compared. 
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PRINCETON GROUP'S first fireball observations were made with 

an earlier version of the radiometer, here shown in position on the 

HORN ANTENNA of the Bell Telephone Laboratories receiver at 

Holmdel, N.J., was originally designed to collect signals reflected 

roof of the geology building. The slanted panels around the horn 

are wire·mesh screens that help to keep out ground radiation. 

from Echo satellites. This was the antenna with which Arno A. 

Penzias and Robert W. Wilson first detected the fireball radiation. 
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the spots moving away from it, the bug 
should not conclude that it is on a pre
ferred spot; another bug on another spot 
sees the same thing. Similarly, the gen
eral recession of the galaxies does not 
mean that the earth is at the center of the 
universe; an observer in any other gal
axy would see the same general move
ment away from him. 

On this model the primeval fireball 
radiation might be represented by a 
number of ants crawling over the sur
face of the balloon. They are uniformly 
distributed, and they crawl about in all 
directions. The number of ants in any 
given area of the surface decreases as 
the balloon is blown up. In the same way 
the denSity of photons in the primeval 
fireball decreases as the universe ex
pands. Note also that no matter which 
way the ants move they will always move 
toward polka dots that are receding from 
them, and they must continuously lose 
energy as a result of this chase. In the 
real universe the photons of the fire
ball are always chasing galaxies that are 
receding from them, so that the photons 
undergo a continuous energy loss that 
accounts for the increase in their wave
length. 

Based on this picture of the expand
ing universe it was possible to make two 
predictions about the nature of primeval 
fireball radiation. The first was that be
cause it was emitted by a source (the con
densed universe) in thermal equilibrium, 
its intensity should vary with wavelength 
in the manner characteristic of an ideal 
thermal radiator, or "black body." A 
severe test of whether the newly dis
covered radiation was indeed the pri
meval fireball would therefore consist 
in tracing out the observed intensity as 
a function of wavelength and seeing if 
the measurements fell on the black-body 
curve. The second major prediction was 
simply that the fireball radiation should 
be isotropic; that is, since the radiation 
presumably fills the universe and the 
earth is immersed in it, the observed in
tensity of the radiation should be the 
same in every direction. 

There is a "window" through which 
one can observe the fireball radiation: 

the range of wavelengths from about one 
to about 20 centimeters. (At longer 
wavelengths radiation from our own gal
axy is so strong that it submerges extra
galactic signals; at less than one centi
meter the earth's atmosphere radiates 
too strongly.) Radio astronomers have 
been observing through this window for 
many years but they overlooked the fire
ball because the methods that ordinarily 
enable one to separate signals of interest 

from background noise do not work in 
the case of the fireball radiation. For ex
ample, one can detect a weak signal 
when it is concentrated in a characteris
tic line in the electromagnetic spectrum. 
This is the case for the 21-centimeter 
emission of atomic hydrogen in inter
stellar clouds. Unfortunately the fireball 
radiation would have a smooth spec
trum, much like that of terrestrial back
ground noise, so that it would be hard 
to isolate in this way. One can also 
isolate extremely weak signals by scan
ning the antenna beam across a suspect
ed localized source. The fireball was 
expected not to be localized, however, 
but to be spread across the entire sky as 
a uniform "glow." 

It was clear that the search for a pri
meval fireball called for a new and dif
ferent kind of radio telescope, and in 
the fall of 1964 our group undertook to 
build such an instrument. The heart of 
our telescope is a modified microwave 
receiver known as a Dicke radiometer. 
Designed by Dicke in 1945, this instru
ment bypasses the noise generated with
in the receiver itself, which is about 
1,000 times more intense than a weak 

signal such as the fireball. Dicke over
came the receiver noise problem by put
ting a switch between the antenna and 
the receiver that periodically-say 100 
times a second-shifts the receiver input 
from the antenna to a reference source 
and back again [see illustration on page 
33]. The receiver output therefore con
tains a 100-cycle-per-second signal whose 
strength depends on the difference be
tween the radiation power collected by 
the antenna and the power emitted by 
the reference. Since the power of the 
reference source is known, the strength 
of the 100-cycle signal becomes a mea
sure of the antenna power. This signal is 
still buried in receiver noise but is easily 
separated and measured by an ampli
fier sharply tuned to 100 cycles per sec
ond. In this way one can easily measure 
antenna power thousands of times weak
er than the receiver noise. 

Two more sources of terrestrial noise 
had to be overcome. One was thermal 
radiation from the ground, which fills 
half the space around an antenna and 
tends to leak into the usual parabolic 
antenna. This problem can be largely 
avoided by using a horn-shaped antenna, 

I 

1 
I 

I 

REFERENCE SOURCE (foreground) for the Princeton radiometer is made of metal·coated 

fiber-glass spikes. It has been removed from the Dewar flask and the pipelike wave guide 

that is normally coupled to the antenna horn. Wires on wave guide lead to thermocouples. 
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which is less sensitive to ground radia
tion. The other source of terrestrial noise 
is radiation from oxygen and water mol
ecules in the atmosphere. This emission 
can be measured and subtracted out if 
one tips the antenna beam to various 
angles from the vertical, thus increasing 
the length of the path through the at
mosphere and therefore changing the 
atmospheric radiation component in a 
predictable way. 

As it happened, the Bell Telephone 
Laboratories facility at Holmdel, N.J., 
already had a horn-shaped antenna, 
originally designed to receive signals 
reflected by the Echo satellites. Penzias 
and Wilson had modified the receiver for 
radio astronomy. Their instrument had 
all the properties necessary to uncover a 
primeval fireball, and it now developed 
that Penzias and Wilson had been at
tempting for some time to track down 
excess radio noise thought to be originat
ing within the instrument itself. When 
Penzias heard what we were doing at 
Princeton, he invited us to visit Holm
del. What we saw there left us in little 
doubt that the Holmdel workers' excess 
noise was in fact extraterrestrial radia
tion-and was probably the fireball. 

,As we have already mentioned, the 
most crucial test of whether or not 

this new radiation is the primeval fire
ball is to trace out the spectrum and see 
if it is that of a black body. The Holm
del result constituted a first measurement 
of the possible fireball, at a wavelength 
of 7.35 centimeters. Fortunately the 
Princeton instrument had been designed 
to detect radiation of a wavelength dif
ferent from the one received at Holmdel. 
We continued our work and about six 
months later measured a cosmic radia
tion intensity at 3.2 centimeters that fit 
in perfectly with the concept of a pri
meval fireball. Since that time still 
more measurements have been made 
at other wavelengths, including a ra
diometer measurement at 20.7 centi
meters by T. F. Howell and J. R. Shake
shaft at the University of Cambridge. 
All the points so far fall on a typical 
black-body curve, one appropriate for a 
source with a temperature of three de
grees Kelvin (degrees centigrade above 
absolute zero), and so the evidence is 
strong that we are indeed observing the 
primeval fireball [see bottom illustration 
at left]. 

The nature of the radio window, how
ever, is such that direct observation at 
short wavelengths-in the most interest
ing region where the black-body curve 
rises to a peak and then falls off steeply
is almost impossible. At such wave-
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REFERENCE SOURCE 

DICKE RADIOMETER can detect signals far below the level of 

receiver-generated noise. A switch shifts the receiver input from an

tenna to reference source and back at, say, 100 cycles per second, 

producing a signal whose amplitude varies at 100 cycles according 

to the level of the antenna and the reference-source power (a). This 

small signal is obliterated by receiver noise, in which the 100-cycle 

signal becomes buried (b). The desired signal is recovered by fil

tering out the unwanted frequencies and amplifying the 100-cycle 

component. The resulting signal (c) is fed to a voltmeter that 

drives a recorder. The displacement of the recorder trace is propor· 

tional to the difference between the radiation power being collected 

by the antenna and the power emitted by the reference source. 

lengths one encounters technical prob
lems in building a sensitive radiometer, 
and atmospheric emission becomes too 
strong for ground-based observations . 
These limitations have now been by
passed by an ingenious scheme for mea
suring the radiation temperature by 
reading a "molecular thermometer" in 
in terstellar space . 

The method depends on the fact that 
molecules of the carbon-nitrogen com
pound cyanogen (CN) in interstellar gas 
clouds are being bathed, along with ev
erything else in the universe, in the 
black-body radiation of the primeval 
fireball . It happens that the cyanogen 
molecule is excited from its ground, or 
lowest-energy, state into its first ex
cited state by radiation at a wavelength 
of 2.6 millimeters-a rather long wave
length for such a transition. A certain 
fraction of the molecules of cyanogen in 
a cloud exposed to 2.6-millimeter radia
tion will therefore be in the excited state 
rather than the ground state, and the 
size of the fraction is a measure of the 
intensity of the radiation. The fraction 
can be measured because the absorption 
of light by cyanogen molecules accounts 
for absorption lines in the spectra of cer
tain stars, and light absorbed by mol
ecules in the ground state has a slightly 
different wavelength from that absorbed 
by molecules in the excited state. A 
cloud of partially excited cyanogen mol-

ecules therefore causes two or more ab
sorption lines to appear in the spectrum. 
The relative strength of the absorption 
lines characteristic of various states 
therefore gives the proportion of the 
molecules that are in each state. As long 
ago as 1941 Andrew McKellar of the 
Dominion Observatory in Canada used 
this method to calculate the degree of ex
citation of cyanogen molecules absorbing 
light from the star Zeta Ophiuchi. He 
reported that the molecules were excited 
as if by radiation with a te�perature of 
2.3 degrees K. The connection between 
this finding and a possible primeval fire
ball was not recognized; the molecules 
were assumed to be excited by collisions 
with other particles. 

When the fireball hypothesis became 
generally known, George B. Field of the 
University of California at Berkeley and 
Neville J. Woolf of the University of 
Texas independently pointed out that 
interstellar cyanogen could be used as a 
probe to test for fireball radiation in 
space-and that McKellar's excitation 
temperature of 2 .3 degrees was remark
ably close to the three-degree tempera
ture obtained from direct measurements. 
Field and John L. Hitchcock then re
ported a new value for the cyanogen 
excitation temperature. Working with 
spectra for Zeta Ophiuchi and Zeta 
Persei made by George H. Herbig of the 
Lick Observatory, they calculated a tem-

perature range of from 2.7 to 3.4 de
grees. The fact that two clouds in very 
different parts of the sky showed about 
the same excitation temperature provid
ed an important check on the universal
ity of the excitation mechanism-a nec
essary feature of fireball excitation. 

At the same time Patrick Thaddeus 
and John F. Clauser of the Institute for 
Space Studies made some new measure
ments of Zeta Ophiuchi and obtained a 
result of 3.75 degrees . Clauser then de
veloped a technique for summing, in 
digital form, the faint spectra on large 
numbers of star plates from the Mount 
Wilson Observatory . The technique has 
been used to examine the cyanogen ab
sorption lines in the spectra from eight 
widely distributed stars. In every case 
the excitation temperature is about three 
degrees. 

The cyanogen measurements are im
portant results. Not only do they pin 
down the crest of the black-body curve 
but also they help to eliminate any cause 
of cyanogen excitation other than fire
ball rad:ation. The frequency and energy 
of particle collisions, for example, would 
be expected to vary from cloud to cloud 
depending on local conditions. The re
sults for eight different clouds argue 
against such local excitation. Note, fur
ther, that we have here a very strong 
test for the fireball hypothesis: If just one 
cloud is found with a strong ground-state 
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absorption line and no excited-state
' 
line, 

we shall have to conclude that there is no 
cyanogen excitation in that cloud and 
therefore that the primeval fireball does 
not exist. 

. 

If one assumes that the universe in fact 
is isotropic, and if this newly discov

ered radiation in fact is the primeval 
fireball, the radiation should be isotropic. 
(Even the first assumption-that the uni
verse is isotropic-should not be regard
ed as a self-evident principle. It is com
forting to state assumptions as princi
ples, but one must recognize the kinship 
between an assumption of isotropy and 
the old assumption that the earth is at 
the center of the universe. Both assump
tions fit the poor observational data 
available at the time-and also the 
philosophical tenets of the day.) For 
the first time we now have a precise ob
servational "handle" on the shape of the 
universe, and one of our current experi
ments at Princeton is aimed at making 
use of that handle. 

We point the horn of our 3.2-centi
meter radiometer toward the south at an 
angle of 45 degrees from the zenith so 
that it is directed approximately par
allel to the plane of the earth's equator 
[see top illustration on opposite pagel. 
As the earth rotates, the radiometer scans 
around this plane once a day. We cannot 
simply look at the record for daily varia
tions and attribute them to some anisot
ropy in the primeval radiation; there are 
inevitably large daily effects due to solar 
heating, atmospheric changes and other 
phenomena. We correct for these varia
tions by deflecting the antenna beam in 
the direction of the pole star every 15 
minutes. Since that is a fixed point in the 
sky, it serves as a reference to which we 
can compare the reading along the equa
torial plane. Keeping the apparatus run
ning for many months further reduces 
the daily variations. Since any irregu
larity in the radiation would be fixed in 
relation to the stars, and therefore would 
traverse the antenna beam at different 
times of the day during different seasons 
of the year, we partly average out effects 
that have a period of one solar day. After 
about a year the experiment shows no 
differences between equatorial and polar 
radiation intensities greater than about 
.015 degree, which is to say it reveals no 
anisotropy greater than about ±.5 per
cent [see bottom illustration on opposite 

pagel. 
Whatever the final explanation for 

what we now believe to be fireball radia
tion, it must account for this remarkable 
isotropy. The source cannot be our own 
galaxy; the solar system is off to one side 
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of the galaxy, and the radiation would 
have to be more intense in the direction 
of the main body of the galaxy. If the 
source were in the solar system itself, 
there would be recurring variations each 
solar day, but there are no such effects. 
It seems clear that the radiation must be 
extragalactic. 

If the earth is moving in relation to 
the local frame of reference defined by 
the average motion of the primeval fire
ball radiation, the radiation should seem 
a little hotter when we observe in the 
direction of the earth's motion and a 
little colder when we look "backward." 
One cannot be sure what the total ve
lOcity of the earth should be in relation 
to this standard, but we do know the 
earth is moving around the center of our 
galaxy at 200 kilometers per second. If 
we suppose the center of the galaxy is 
at rest in this frame of reference, the 
radiation would appear to be .07 per
cent hotter (or more intense) than aver
age in the direction of the earth's motion 
(toward the constellation Cygnus) and 
.07 percent colder than average 180 de
grees away. Since our instrument scans 
in the plane of the Equator, however, 
we should not observe this full effect but 
rather a variation of about .04 percent 
from the mean [see bottom illustration 
on next page]. This is about half of the 
upper limit (roughly .1 percent) that we 
have been able to set so far for an anisot
ropy that has a period of 24 hours. (The 
radiation would appear hottest and cold
est at 12-hour intervals.) We are now 
trying to improve the observations to a 
point at which we can actually see this 
effect of the earth's "absolute" motion 
through space. 

Unequivocal proof of the phenomenon 
of a primeval fireball would seem to 

rule out a number of competing cosmol
ogies. The steady-state theory would be 
ruled out because its universe was never 
in a dense state and therefore could not 
have manufactured black-body radia
tion. The fireball also creates severe dif
ficulties for any cosmology that includes 
a visible edge to the matter-filled part of 
space, for example the cosmology of 
Oskar Klein and Hannes Alfvtm [see 
"Antimatter and Cosmology," by Hannes 
Alfven; SCIENTIFIC AMERICAN, April]. If 
there is a visible boundary, then any 
radiation produced in the early days of 
the universe must long since have left 
the universe. Proponents of a visible
edge cosmology must therefore find a 
contemporary source for the radiation we 
attribute to a fireball. Unless the earth 
is right at the center of the universe
something most people would be reluc-
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ISOTROPY DATA were analyzed in an effort to bring out any 24·hour periodicity. Each 

point gives the magnitude and direction of the maximum difference between equatorial and 

polar radiation temperatures on a day's run. (Solid dots are full runs, gray dots runs that 

were incomplete and were given half.weight.) The vector sum of all points yielded a maxi· 

mum difference of about .001 degree K., an anisotropy of .03 percent (colored square). 

PLANE OF EQUATOR 

EARTH'S MOTION around the galaxy should be detectable as an apparent increase in ra· 

diation intensity in the direction of motion and a decrease in the opposite direction (see 

text ). The direction of motion is not the same as the direction (in the plane of the Equator) 
in which the radiation is being observed, however. The observed effects should therefore be 
proportional to the equatorial projection {colored arrow} of the velocity of the earth. 
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tant to suppose-no contemporary source 
within the universe could produce the 
isotropic radiation we observe. 

Our discussion of cosmology so far has 
been merely descriptive, but if cosmol
ogy is to be a respectable science it must 
attempt numerical confrontations be
tween theory and observation. Such a 
confrontation is provided by what cos
mologists are now calling the "helium 
problem." There is a theoretical connec
tion between the temperature of the 
primeval fireball and the amount of he
lium in the matter that came out of the 
big bang and eventually condensed into 
galaxies. It is worth examining as an ex
ample of the development of cosmologi
cal ideas and of the way in which a 
single observational result can prompt 
new theoretical work that in turn calls 
for new observations.  

The story begins in about 1930 with 
the pioneering work of R. C. Tolman on 
thermodynamics and thermal radiation 
in an expanding universe. In 1938 C. F. 
von Weizsacker tried theoretically to 
produce the heavy elements by "cook
ing" hydrogen in an early "superstar" 
stage of the universe, which later ex
ploded into the expanding universe. 
George Gamow pointed out in 1948, 
however, that according to general rela
tivity the universe could not have existed 
in a static, high. temperature state. He 
proposed instead that the elements were 
largely formed-and also that black.body 
radiation was emitted-during the early 
and very rapid expansion of the universe. 
Later calculations showed that although 
helium would have been produced in 
such a stage, it was impossible to ac
count for the formation of heavier ele
ments. An improved theory of element 
formation in stars finally eclipsed theo
ries of element formation in the big bang 
itself, and the idea of thermal radiation 
in a big bang dropped out of sight. It is 
remarkable, however, that this theory, as 
developed by Gamow, Ralph Alpher, 
Robert Herman and others, implied that 
the present temperature of the fireball 
would be about equal to the observed 
value of three degrees K. 

Dicke arrived at the idea of a prime
val fireball from a different direction. In 
the summer of 1964 he was considering 
not the origin of the elements but the 
origin of the universe. It is difficult to 
explain the apparently spontaneous crea
tion of matter that is called for if one 
associates the beginning of the expan
sion of the universe with its actual origin. 
Dicke therefore preferred an oscillating 
model, in which the present expansion 
of the universe is considered to have 
been preceded by a collapSing phase. 
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The contraction of the universe would 
have heated up its contents, producing 
thermal radiation when the universe be
came dense enough; the temperature 
would have risen to at least 10 billion 
degrees, at which point complex nuclei 
would have evaporated, yielding pure 
hydrogen . Such a process could account 
for the elimination of heavy elements
the "ashes" from the hydrogen burned 
in stars in the previous cycle. Dicke, in 
other words, introduced the fireball to 
eliminate the heavy elements rather than 
to produce them. 

perhaps because we are by training 
physicists rather than cosmologists, 

our group at Princeton was unaware 
for some time that there was a history 
of theoretical work on a primeval 
fireball and element production in the 
big bang . Having begun with the fireball 
idea, we reached the problem of ele
ment formation by a roundabout route. 
As our search for the fireball was getting 
under way we were concerned about 
how we would interpret the results we 
hoped to obtain . (One particularly wants 
to know this ahead of time when an ex
periment is highly speculative, as this 
one certainly was before the Bell Labo
ratories results became known .) We 
were anxious to establish some connec
tion between a possible primeval fireball 
and some other observable quantity, so 
we asked ourselves what physical proc
esses might be appropriate to the condi
tions encountered as the expansion of 
the universe is traced back in time to 
ever higher densities and temperatures . 

We found that in the early stages of 
expansion conditions would have been 
right for the conversion of significant 
amounts of hydrogen to helium. The 
fractional amount of hydrogen that 
would have been converted to this pri
meval helium depends on two observa
ble quantities: the presen( mean mass 
density in the universe and the present 
temperature of the primeval fireball. 
Given the present mass density, the pri
meval helium abundance would be low
er for higher values of the present fireball 
temperature . This is because the helium 
would have formed at a certain tempera
ture (about a billion degrees) and the 
amount of helium that formed would de
pend on the mass density at the epoch in 
which it formed. The higher the present 
fireball temperature, the less the radia
tion can have cooled since the epoch 
of helium production; the correspond
ingly lesser expansion of matter means a 
larger mass density at the helium epoch, 
and therefore more helium production. 

We decided that if the present fireball 
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ious assumptions about the rate of expansion of the universe. Unity on the horizontal scale 

corresponds to the time scale for expansion predicted by the general theory of relativity. 

temperature were 10 degrees K. or more, 
the primeval helium abundance could be 
well below the observed helium abun
dance in the sun . This seemed desirable 
because the sun also contains heavier 
elements thought to have been produced 
in earlier generations of stars, and we 
assumed that these earlier generations 
would also have produced substantial 
amounts of helium. It turned out, of 
course, that the fireball temperature is 
certainly not 10 degrees but rather three 
degrees . This pushes the calculated pri
meval helium abundance up to the range 
of 27 to 30 percent by mass, or just about 
the observed abundance of helium in the 
sun. That seemed surprisingly high. 

Before considering the observational 
evidence that might confirm or rule out 
this theoretical finding, we should ex
amine the assumptions that underlie the 
calculation. A number of variables from 
nuclear physics are involved, many of 
them actually measured and the rest de
rived from theory in which there is a 
good deal of confidence because it works 
well in conventional applications . An
other basic ingredient in the calculation 
is the gravity theory, which determines 
how fast the universe would have ex
panded through the period of helium 
production. Here there are grounds for 
SusplclOn, because the conventional 
gravity theory-the general theory of 
relativity-has not been tested by a wide 
range of observations . The primordial 
helium abundance can be computed for 
various assumptions about the rate of 
expansion of the universe [see illustra
tion above J. If the universe actually ex
panded just slightly faster than general 

relativity predicts, an unacceptably 
high amount of helium would have been 
produced. If the expansion rate were in
creased by a factor of about 10,000, the 
helium production would be acceptable 
but there would be too much deuterium. 
To avoid this requires an expansion rate 
so great that there would have been rela
tively little primeval helium. The princi
pal competitor of general relativity, a 
generalization developed by Carl Brans 
and Dicke, predicts a faster expansion 
that might carry over into this area of 
negligible helium. If the rate of expan
sion could be shown to be somewhat 
slower, this djfficult situation could be 
eased, but no one has suggested a rea
sonably attractive way to do this . 

For the moment we are content to 
frame this question: Was the initial 

helium abundance in our galaxy very low 
or was it about equal to the solar value? 
The choice between these two clear-cut 
alternatives depends on the helium con
tent of the oldest stars in the galaxy. Un
fortunately these stars closely guard the 
secret of their helium abundance. They 
are small stars and generally have cool 
surfaces in which the spectral lines of 
helium are not seen, and so one cannot 
use the spectroscopic techniques that 
have been satisfactory for more massive 
stars with hotter surfaces . As for these 
massive stars, their lifetimes are relative
ly short, and the ones that formed early 
in the history of the galaxy have already 
burned out. The answer to the helium 
problem will be hard to obtain, but it will 
eventually add a faScinating piece of in
formation to observational cosmology. 
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TEOTIHUACAN 

The first and largest city of the pre-Colurnbian New World arose 

in the Valley of Nlexico during the first millenniunl A.D. At its 

height the metropolis covered a larger area than imperjal ROllle 

W
hen the Spaniards conquered 
Mexico, they described Monte
zuma's capital Tenochtitlill1 in 

such vivid terms that for centuries it 
seemed that the Aztec stronghold must 
have been the greatest city of pre-Co
lumbian America. Yet only 25 miles to 
the north of Tenochtitlan was the site of 
a city that had once been even more im
pressive. Known as Teotihuacan, it had 
risen, flourished and fallen hundreds of 
years before the conquistadors entered 
Mexico. At the height of its power, 
around A.D. 500, Teotihuacan was larger 
than imperial Rome. For more than half 
a millennium it was to Middle America 
what Rome, Benares or Mecca have been 
to the Old World: at once a religious and 
cultural capital and a major economic 
and political center. 

Unlike many of the Maya settlements 
to the south, in both Mexico and Guate
mala, Teotihuacc'm was never a "lost" 
city. The Aztecs were still worshiping at 
its sacred monuments at the time of the 
Spanish Conquest, and scholarly studies 
of its ruins have been made since the 
middle of the 19th century. Over the past 
five years, however, a concerted program 
of investigation has yielded much new 
information about this early American 
urban center. 

In the Old World the first civilizations 
were associated with the first cities, but 
both in Middle America and in Peru the 
rise of civilization does not seem to have 
occurred in an urban setting. As far as 
we can tell today, the foundation for the 
earliest civilization in Middle America 
was laid in the first millennium B.C. by a 
people we know as the Olmecs. None of 
the major Olmec centers discovered so 
far is a city. Instead these centers-the 
most important of which are located in 
the forested lowlands along the Gulf of 
Mexico on the narrow Isthmus of Te
huantepec-were of a ceremonial charac-
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ter, with small permanent populations 
probably consisting of priests and their 
attendants. 

The Olmecs and those who followed 
them left to many other peoples of Mid
dle America, among them the builders of 
Teotihuacan, a heritage of religious be
liefs, artistic symbolism and other cul
tural traditions. Only the Teotihuacanos, 
however, created an urban civilization of 
such vigor that it significantly influenced 
the subsequent development of most oth
er Middle American civilizations-urban 
and nonurban-down to the time of the 
Aztecs. It is hard to say exactly why this 
happened, but at least some of the con
tributing factors are evident. The ar
chaeological record suggests the follow
ing sequence of events. 

A settlement of moderate size existed 
at Teotihuad.n fairly early in the first 
century B.C. At about the same time a 
number of neighboring religious centers 
were flourishing. One was Cuicuilco, to 
the southwest of Teotihuacan in the 
Valley of Mexico; another was Cholula, 
to the east in the Valley of Puebla. The 
most important influences shaping the 
"Teotihuacan way" probably stemmed 
from centers such as these. Around the 
time of Christ, Teotihuacan began to 
grow rapidly, and between A.D. 100 and 
200 its largest religious monument was 
raised on the site of an earlier shrine. 
Known today as the Pyramid of the 
Sun, it was as large at the base as the 
gre8t pyramid of Cheops in Egypt [see 
bottom illustmtion on page 44). 

The powerful attraction of a famous 
holy place is not enough; of course, to 
explain Teotihuacan's early growth or 
later importance. The city's strategic lo
cation was one of a number of material 
factors that contributed to its rise. Teo
tihuacan lies astride the narrow waist of 
a valley that is the best route between 
the Valley of Mexico and the Valley of 

Puebla. The Valley of Puebla, in turn, is 
the gateway to the lowlands along the 
Gulf of Mexico. 

The lower part of Teotihuacan's valley 
is a rich alluvial plain, watered by per
manent springs and thus independent of 
the uncertainties of highland rainfall. 

CEREMONIAL HEART of Teotihuacan is 

seen in an aerial photograph looking south

east toward Cerro Patlachique, one of a pair 

of mountains that flank the narrow valley 

dominated by the city. The large pyramid in 
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The inhabitants of the valley seem early 
to have dug channels to create an irriga
tion system and to provide their growing 
city with water. Even today a formerly 
swampy section at the edge of the an
cient city is carved by channels into 
"chinampas": small artificial islands that 
are intensively farmed. Indeed, it is pos
sible that this form of agriculture, which 
is much better known as it was practiced 
in Aztec times near Tenochtitl{m, was in
vented centuries earlier by the people of 
Teotihuacan. 

The valley had major deposits of ob
sidian, the volcanic glass used all over 
ancient Middle America to make cutting 
and scraping tools and projectile points. 
Obsidian mining in the valley was ap
parently most intensive during the city's 
early years. Later the Teotihuacanos ap
pear to have gained control of deposits of 
obsidian north of the Valley of Mexico 
that were better suited than the local 
material to the mass production of blade 
implements. Trade in raw obsidian and 
obsidian implements became increasing-

ly important to the economy of Teotihua
can, reaching a peak toward the middle 
of the first millennium A.D. 

The recent investigation of Teotihua-
can has been carried forward by spe

cialists working on three independent 
but related projects. One project was a 
monumental program of excavation and 
reconstruction undertaken by Mexico's 
National Institute of Anthropology, 
headed by Eusebio Davalos. From 1962 
to 1964 archaeologists under the direc
tion of Ignacio Bernal, director of the 
National Museum of Anthropology, un
earthed and rebuilt a number of the 
structures that lie along the city's prin
cipal avenue ("the Street of the Dead"); 
they have also restored Teotihuacan's 
second main pyramid ("the Pyramid of 
the Moon"), which lies at the avenue's 
northern end. Two of the city's four larg
est structures, the Pyramid of the Sun 
and the Citadel, within which stands 
the Temple of Quetzalcoatl, had been 
cleared and restored in the 1900's and 

the 1920's respectively. Among other 
notable achievements, the National In
stitute's work brought to light some of 
the city's finest mural paintings. 

As the Mexican archaeologists were 
at work a group under the direction of 
William T. Sanders of Pennsylvania 
State UniverSity conducted an intensive 
study of the ecology and the rural-settle
ment patterns of the valley. Another 
group, from the University of Rochester, 
initiated a mapping project under my 
direction. This last effort, which is still 
under way, involves preparing a detailed 
topographic map on which all the city's 
several thousand structures will be lo
cated. The necessary information is be
ing secured by the examination of sur
face remaips, supplemented by small
scale excavations. One result of our work 
has been to demonstrate how radically 
different Teotihuacan was from all other 
settlements of its time in Middle Amer
ica. It was here that the New World's 
urban revolution exploded into being. 

It had long been clear that the center 

the foreground is the Pyramid of the Moon. The larger one beyond 

it is the Pyramid of the Sun. Many of the more than 100 smaller 

religious structures that line the city's central avenue, the Street 

of the Dead, are visible in the photograph. South of the Pyramid of 

the Sun and east of the central avenue is the large enclosure known 

as the Citadel. It and the Great Compound, a matching structure 

not visible in the photograph, formed the city's center. More 

than 4,000 additional buildings, most no longer visible, spread 

for miles beyond the center. At the peak of Teotihuacan's power, 

around A.D. 500, the population of the city was more than 50,000. 
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of Teotihuacc'm was planned, but it soon 
became apparent to us that the extent 
and magnitude of the planning went far 
beyond the center. Our mapping re
vealed that the city's streets and the 
large majority of its buildings had been 
laid out along the lines of a precise grid 

aligned with the city center. The grid 
was established in Teotihuacan's forma
tive days, but it may have been more 
intensively exploited later, perhaps in 
relation to "urban renewal" projects un
dertaken when the city had become rich 
and powerful. 

The prime direction of the grid is 
slightly east of north (15.5 degrees). The 
basic modular unit of the plan is close 
to 57 meters. A number of residential 
structures are squares of this size. The 
plan of many of the streets seems to re
peat various multiples of the 57-meter 

VALLEY OF MEXICO was dominated hy shallow lakes in late 

pre-Hispanic times; in the rainy season they coalesced into a sin gle 

hody of water. Teotihuacan was strategically located; it command

ed a narrow valley a few miles northeast of the lakes that provided 

the hest route hetween the Valley of Mexico and the Valley of 

Puehla, which leads to the lowlands along the Gulf of Mexico (see 

map at top 0/ opposite page). It was an important center of trade 

and worship from 100 B.C. until ahout A.D. 750. Centuries after 

its fall the Aztec capital of Tenochtitlan grew up in the western 

shallows of Lake Texcoco, 25 miles from the earlier metropolis. 
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unit. The city's major avenues, which run 
parallel to the north-south axis, are 
spaced at regular intervals. Even th� 
river running through the center of the 
city was canalized to conform to the grid. 
Miles from the city center the remains of 
buildings are oriented to the grid, even 
when they were built on slopes that ran 
counter to it. A small design composed 
of concentric circles divided into quad
rants may have served as a standard 
surveyor's mark; it is sometimes pecked 
into the Roors of buildings and some
times into bare bedrock. One such pair 
of marks two miles apart forms a line 
exactly perpendicular to the city's north
south axis. The achievement of this kind 
of order obviously calls for an initial 
vision that is both audacious and self
confident. 

A city planner's description of Teoti-
huacan would begin not with the 

monumental Pyramid of the Sun but 
with the two complexes of structures that 
form the city center. These are the Cita
del and the Great Compound, lying 
respectively to the east and west of 
the city's main north-south avenue, the 
Street of the Dead. The names given the 
various structures and features of Teo
tihuac:'m are not, inCidentally, the names 
by which the Teotihuacanos knew them. 
Some come from Spanish translations of 
Aztec names; others were bestowed by 
earlier archaeologists or by our mappers 
and are often the place names used by 
the local people. 

The Street of the Dead forms the 
main axis of the city. At its northern end 
it stops at the Pyramid of the Moon, and 
we have found that to the south it ex
tends for two miles beyond the Citadel
Compound complex. The existence of a 
subordinate axis running east and west 
had not been suspected until our map
pers discovered one broad avenue run
ning more than two miles to the east of 
the Citadel and a matching avenue ex
tending the same distance westward 
from the Compound. 

To make it easier to locate buildings 
over so large an area we imposed our 
own 500-meter grid on the city, orient
ing it to the Street of the Dead and using 
the center of the city as the zero point of 
the system [see bottom illustration at 
right]. The heavy line defining the limits 
of the city was determined by walking 
around the perimeter of the city and ex
amining evidence on the surface to es
tablish where its outermost remains end. 
The line traces a zone free of such re
mains that is at least 300 meters wide 
and that sharply separates the city from 
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IRREGULAR BOUNDARY of Teotihuacan is shown as a solid line that approaches the 

edges of a grid, composed of SOO'meter squares, surveyed by the author's team. The grid 

parallels the north·south direction of the Street of the Dead, the city's main avenue. One 

extension of the city in its early period, which is only partly known, has been omitted. A 

map of Teotihuacan's north·central zone (light color) is reproduced ou the next page. 

41 

© 1967 SCIENTIFIC AMERICAN, INC



42 

GREAT 

COMPOUND 

© 1967 SCIENTIFIC AMERICAN, INC



the countryside. The Street of the Dead, 
East Avenue and West Avenue divide 
Teotihuadlll into quadrants centered on 
the Citadel-Compound complex. We do 
not know if these were formally recog
nized as administrative quarters of the 
city, as they were in Tenochtitlim. It is 
nonetheless possible that they may have 
been, since there are a number of other 
similarities between the two cities. 

Indeed, during the past 25 years Mex
ican scholars have argued for a high 
degree of continuity in customs and be
liefs from the Aztecs back to the Teo
tihuacanos, based partly on an assumed 
continuity in language. This hypotheti
cal continuity, which extends through 
the intervening Toltec times, provides 
valuable clues in interpreting archaeolog
ical evidence. For example, the unity of 
religion and politics that archaeologists 
postulate at Teotihuacan is reinforced 
by what is known of Aztec society. 

The public entrance of the Citadel is 
a monumental staircase on the Street of 
the Dead. Inside the Citadel a plaza 
opens onto the Temple of Quetzalcoatl, 
the principal sacred building in this area. 
The temple's fa<;:ade represents the most 
successful integration of architecture and 
sculpture so far discovered at Teotihua
can [see bottom illustration on page 46]. 

The Great Compound, across the 
street from the Citadel, had gone unrec
ognized as a major structure until our 
survey. We found that it differs from all 
other known structures at Teotihuacan 
and that in area it is the city's largest. 
Its main components are two great raised 
platforms. These form a north and a 
south wing and are separated by broad 
entrances at the level of the street on the 
east and west. The two wings thus flank 
a plaza somewhat larger than the one 
within the Citadel. Few of the structures 
on the platforms seem to have been tem
ples or other religious buildings. Most 
of them face away from the Street of 
the Dead, whereas almost all the other 
known structures along the avenue face 
toward it. 

CITY CENTER is composed of two sets of 

structures, the Great Compound and the Cit· 

adel (bottom of illustration on opposite 

page). They stand on either side of the 

Street of the Dead, the main north·south 

axis of the city. A pail' of avenues approach. 

ing the center of the city from east and west 

form the secondary axis. The city's largest 

religious monuments were the Pyramid of 

the Sun, the Pyramid of the Moon and the 

Temple of Quetzalcoatl, which lies inside 

the Citadel. Yayahuala (left of center) was 

one of many residential compounds. Its 

architecture is shown in detail on page 47. 

One therefore has the impression that 
the Compound was not devoted to reli
gious affairs. In the Citadel there are 
clusters of rooms to the north anp south 
of the Temple of Quetzalcoatl, but the 
overall effect conveyed by the temples 
and the other buildings that surround 
the Citadel's plaza is one of a political 
center in a sacred setting. Perhaps some 
of its rooms housed the high priests of 
Teotihuacan. 

The plaza of the Compound is a stra
tegically located open space that could 
have been the city's largest marketplace. 
The buildings that overlook this plaza 
could have been at least partly devoted 
to the administration of the economic 
affairs of the city. Whatever their func
tions were, the Citadel and the Com
pound are the heart of the city. To
gether they form a majestic spatial unit, 
a central island surrounded by more 
open ground than is found in any other 
part of Teotihuacan. 

The total area of the city was eight 
square miles. Not counting ritual struc
tures, more than 4,000 buildings, most of 
them apartment houses, were built to 
shelter the population. At the height of 
Teotihuacan's power, in the middle of 
the first millennium A.D., the population 
certainly exceeded 50,000 and was 
probably closer to 100,000. This is not a 
particularly high figure compared with 
Old World religious-political centers; 
today the population of Mecca is some 
130,000 and that of Benares more than 
250,000 (to which is added an annual 
influx of a million pilgrims). One reason 
Teotihuac:in did not have a larger popu
lation was that its gleaming lime-plas
tered residential structures were only 
one story high. Although most of the in
habitants lived in apartments, the build
ings were "ranch-style" rather than 
"high-rise." 

The architects of Teotihuacan de
signed apartments to offer a maximum 
of privacy within the crowded city, using 
a concept similar to the Old World's 
classical atrium house [see illustration on 
page 47]. The rooms of each apartment 
surrounded a central patio; each build
ing consisted of a series of rooms, patios, 
porticoes and passageways, all secluded 
from the street. This pattern was also 
characteristic of the city's palaces. The 
residential areas of Teotihuacan must 
have presented a somewhat forbidding 
aspect from the outside: high windowless 
walls facing on narrow streets. Within 
the buildings, however, the occupants 
were assured of privacy. Each patio had 
its own drainage system; each admitted 
light and air to the surrounding apart
ments; each made it possible for the in-

habitants to be out of doors yet alone. 
It may be that this architectural style 
contributed to Teotihuacan's perma
nence as a focus of urban life for more 
than 500 years. 

The basic building materials of Teo
tihuacan were of local origin. Outcrops 
of porous volcanic rock in the valley 
were quarried and the stone was crushed 
and mixed with lime and earth to pro
vide a kind of moisture-resistant con
crete that was used as the foundation for 
floors and walls. The same material was 
used for roofing; wooden posts spaced at 
intervals bore much of the weight of the 
roof. Walls were made of stone and mor
tar or of sunbaked adobe brick. Floors 
and wall surfaces were then usually fin
ished with highly polished plaster. 

What kinds of people lived in Teoti-
huacan? Religious potentates, priest

ly bureaucrats and military leaders pre
sumably occupied the top strata of the 
city's society, but their number could 
not have been large. Many of the in
habitants tilled lands outside the city 
and many others must have been arti
sans: potters, workers in obsidian and 
stone and craftsmen dealing with more 
perishable materials such as cloth, leath
er, feathers and wood (traces of which 
are occasionally preserved). 'Well-de
fined concentrations of surface remains 
suggest that craft groups such as potters 
and workers in stone and obsidian tend
ed to live together in their own neighbor
hoods. This lends weight to the hypotlle
sis that each apartment building was 
solely occupied by a "corporate" group, 
its families related on the basis of oc
cupation, kinship or both. An arrange
ment of this kind, linking the apartment 
dwellers to one another by webs of joint 
interest and activity, would have pro
moted social stability. 

If groups with joint interests lived 
not only in the same apartment building 
but also in the same general neighbor
hood, the problem of governing the city 
would have been substantially simpli
fied. Such organization of neighborhood 
groups could have provided an inter
mediate level between the individual 
and the state. Ties of cooperation, com
petition or even conflict between people 
in different neighborhoods could have 
created the kind of social network that 
is favorable to cohesion. 

The marketplace would similarly have 
made an important contribution to the 
integration of Teotihuacan society. If 
the greater part of the exchange of goods 
and services in the city took place in 
one or more major markets (such as the 
one that may have occupied the plaza 
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DENSITY OF SETTLEMENT at Teotihuaciin is compared with 

that at Tikal, largest of the lowland Maya ceremonial centers in 

Middle America. The maps show the central area of each settle· 

ment at the same scale. The data for Teotihuacan (left) are from 

PYRAMID OF THE SUN is as broad at the base as the great pyra· 

mid of Cheops in Egypt, although it is only half as high. It was 
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surveys by the author and the Mexican government. Those for 

Tikal (right) are from a survey by the University of Pennsylvania. 

Even though its center included many public structures, Teotihua· 

can's concentrated residential pattern shows its urban character. 

built over the site of an earlier shrine during Teotihuacan's first 

major period of growth, in the early centuries of the Christian era. 
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of the Great Compound), then not only 
the Teotihuacanos but also the outsiders 
who used the markets would have felt a 
vested interest in maintaining "the peace 
of the market." Moreover, the religion of 
Teotihuacan would have imbued the 
city's economic institutions with a sacred 
quality. 

The various social groups in the city 
left some evidence of their identity. For 
example, we located a walled area, asso
ciated with the west side of the Pyramid 
of the Moon, where large quantities of 
waste obsidian suggest that obsidian 
workers may have formed part of a larger 
temple community. We also found what 
looks like a foreign neighborhood. Oc
cupied by people who apparently came 
to Teotihuacan from the Valley of Oa
xaca, the area lies in the western part of 
the city. It is currently under study by 
John Paddock of the University of the 
Americas, a specialist in the prehistory 
of Oaxaca. Near the eastern edge of the 
city quantities of potsherds have been 
found that are characteristic of Maya 
areas and the Veracruz region along the 
Gulf of Mexico. These fragments suggest 
that the neighborhood was inhabited 
either by people from those areas or by 
local merchants who specialized in such 
wares. 

We have found evidence that as the 
centuries passed two of the city's 

important crafts-the making of pottery 
and obsidian tools-became increasingly 
specialized. From the third century A.D. 
on some obsidian workshops contain a 
high proportion of tools made by strik
ing blades from a "core" of obsidian; 
others have a high proportion of tools 
made by chipping a piece of obsidian 
until the desired shape was obtained. 
Similar evidence of specialization among 
potters is found in the southwestern part 
of the city. There during Teotihuacan's 
period of greatest expansion one group 
of potters concentrated on the mass pro
duction of the most common type of 
cooking ware. 

The crafts of Teotihuacan must have 
helped to emich the city. So also, no 
doubt, did the pilgrim traffic. In addi
tion to the three major religious struc
tures more than 100 other temples and 
shrines line the Street of the Dead. Those 
who visited the city's sacred buildings 
must have included not only peasants 
and townspeople from the entire Valley 
of Mexico but also pilgrims from as far 
away as Guatemala. When one adds to 
these worshipers the visiting merchants, 
traders and peddlers attracted by the 
markets of Teotihuacan, it seems likely 

HUMAN FIGURE, wearing a feather headdress, face paint and sandals, decorates the side 

of a vase dating from the sixth century A.D. Similar figures often appear in the city's murals. 
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CITY'S BIRTH took place during the late pre·Classic Period in the Valley of Mexico, 

about a century before the beginning of the Christian era. Other highland ceremonial cen· 

ters such as Cuicuilco in the Valley of Mexico and Cholula in the Valley of Puebla were 

influential at that time. Although Teotihuacan fell in about A.D. 750, near the end of the Clas· 

sic Period, its religious monuments were deemed sacred by the Aztecs until Hispanic times. 
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PYRAMID OF THE MOON, excavated in the early 1960's by a Mexican government group 

under the direction of Ignacio Bernal, stands at the northern end of the Street of the 

Dead. The fat;ade presented to the avenue (above) consists of several interlocking, truncat· 

ed pyramids thrusting toward the sky. The structure, 150 feet high and 490 feet wide at 

the base, is smaller than the Pyramid of the Sun but is architecturally more sophisticated. 

TEMPLE OF QUETZALCOATL is the major religious structure within the Citadel, the 

eastern half of Teotihuacan's city center. The building is believed to represent the most sue· 

cessful integration of sculpture and architecture to be achieved throughout the city's long 

history. A covering layer of later construction protected the ornate fat;ade from damage. 
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that many people would have been oc
cupied catering to the needs of those 
who were merely visiting the city. 

Radical social transformations took 
place during the growth of the city. As 
Teotihuadl1l increased in size there was 
first a relative and then an absolute de
cline in the surrounding rural popula
tion. This is indicated by both our data 
from the city and Sanders' from the 
countryside. Apparently many rural pop
ulations left their villages and were con
centrated in the city. The process seems 
to have accelerated around A.D. 500, 
when the population of the city ap
proached its peak. Yet the marked in
crease in denSity within the city was ac
companied by a reduction in the city's 
size. It was at this time, during the sixth 
century, that urban renewal programs 
may have been undertaken in areas 
where denSity was on the rise. 

Such movements of rural and urban 
populations must have conflicted with 
local interests. That they were carried 
out successfully demonstrates the pres
tige and power of the hierarchy in Teo
tihuadm. Traditional loyalties to the 
religion of Teotihuacan were doubtless 
invoked. Nevertheless, one wonders if 
the power of the military would not have 
been increasingly involved. There is evi
dence both in Teotihuacan and beyond 
its borders that its soldiers became more 
and more important from the fifth cen
tury on. It may well be that at the 
peak of its power and influence Teoti
huadm itself was becoming an increas
ingly oppressive place in which to live. 

The best evidence of the power and 
influence that the leaders of Teoti

huacan exercised elsewhere in Middle 
America comes from Maya areas. One 
ancient religiOUS center in the Maya 
highlands-Kaminaljuyu, the site of mod
ern Guatemala City-appears to have 
been occupied at one time by priests and 
soldiers from Teotihuacan. Highland 
Guatemala received a massive infusion 
of Teotihuacan cultural influences, with 
Teotihuacan temple architecture replac
ing older styles. This has been recog
nized for some time, but only recently 
has it become clear that Teotihuacan also 
influenced the Maya lowlands. The peo
ple of Tikal in Guatemala, largest of the 
lowland Maya centers, are now known 
to have been under strong influence from 
Teotihuadll1. The people of Tikal adopt
ed some of Teotihuacan's artistic tradi
tions and erected a massive stone monu
ment to Teotihuacan's rain god. William 
R. Coe of the University of Pennsylvania 
and his colleagues, who are working at 
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Tikal, are in the midst of evaluating the 
nature and significance of this influence. 

Tikal provides an instructive measure 
of the difference in the density of con
struction in Maya population centers and 
those in central Mexico. It was estimated 
recently that Tikal supported a popula-

N 

tion of about 10,000. As the illustration 
at the top of page 44 shows, the density 
of Teotihuacan's central area is striking
ly different from that of Tikal's. Not only 
was Teotihuacan's population at least 
five times larger than Tikal's but also it 
was far less dispersed. In such a crowded 

urban center problems of integration, 
cohesion and social control must have 
been of a totally different order of mag
nitude than those of a less populous and 
less compact ceremonial center such as 
Tikal. 

What were the circumstances of Teo-
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APARTMENT HOUSE typical of the city's many multiroomed 

dwellings was excavated in 1961 by Laurette Sejourne. The outer 

walls of the compound conform with the 57·meter module favored 

by the city's planners. Within its forbidding exterior (see south fa

!tade at bottom of illustration) individual apartmen:s comprised sev

eral rooms grouped around unroofed patios (smaller white areas). 
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FEATHERED SERPENT, from one of the earlier murals found at Teotihuaciin, has a free, 

flowing appearance. The animal below the serpent is a jaguar; the entire mural, which is 

not shown, was probably painted around A.D. 400. It may portray a cyclical myth of creation 

and destruction. The city's principal gods were often represented in the form of animals. 

LATER SERPENT GOD, with a rattlesnake tail, is from a mural probably painted less than 

a century before the fall of Teotihuaciin. The figure is rendered in a highly formal manner. 

A trend toward formalism is apparent in the paintings produced during the city's final years. 
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tihuacan's decline and fall? Almost cer
tainly both environmental and social fac
tors were involved. The climate of the 
region is semiarid today, and there is 
evidence that a long-term decline in an
nual rainfall brought the city to a similar 
condition in the latter half of the first 
millennium A.D. Even before then de
forestation of the surrounding hills may 
have begun a process of erosion that 
caused a decrease in the soil moisture 
available for crops. Although persistent 
drought would have presented increas
ingly serious problems for those who fed 
the city, this might have been the les
ser of its consequences. More ominous 
would have been the effect of increasing 
aridity on the cultivators of marginal 
lands and the semisedentary tribesmen 
in the highlands north of the Valley of 
Mexico. As worsening conditions forced 
these peoples to move, the Teotihua
canos might have found themselves not 
only short of food but also under military 
pressure along their northern frontier. 

Whether or not climatic change was 
a factor, some signs of decline-such as 
the lowering of standards of construction 
and pottery-making-are evident during 
the last century of Teotihuacan's exis
tence. Both a reduction in population 
and a tendency toward dispersion sug
gest that the fabric of society was suffer
ing from strains and weaknesses. Once 
such a process of deterioration passed a 
critical point the city would have become 
vulnerable to attack. 

No evidence has been found that Teo
tihuacan as a whole had formal defenses. 
Nonetheless, the valley's drainage pat
tern provides some natural barriers, large 
parts of the city were surrounded by 
walls or massive platforms and its build
ings were formidable ready-made for
tresses. Perhaps the metropolis was com
paratively unprotected because it had 
for so long had an unchallenged suprem
acy. 

In any case, archaeological evidence 
indicates that around A.D. 750 much of 
central Teotihuacan was looted and 
burned, possibly with the help of the 
city's own people. The repercussions 
of Teotihuacan's fall seem to have been 
felt throughout civilized Middle Amer
ica. The subsequent fall of Monte Alban, 
the capital of the Oaxaca region, and of 
many Maya ceremonial centers in Guate
mala and the surrounding area may rea
sonably be associated with dislocations 
set in motion by the fall of Teotihuacan. 
Indeed, the appropriate epitaph for the 
New World's first major metropolis may 
be that it was as influential in its collapse 
as in its long and brilliant flowering. 
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The hope of doing each other some good prom pts these advertise ments 

A service for the b u b ble-ch a m ber  trade 
Kodak is  now thinking in  terms of two basic bubble-chamber films for 
high-energy physics : bright-field and dark-field. The two films need be 
nothing more than points of departure for further adaptation to special 
requirements, as necessary. A reorganized and growing force of 
Kodak men is busy working out details with the designers and opera
tors of bubble chambers. Their mission is to hold and extend a posi
tion of leadership in this branch of photographic technology. This can 
be accomplished only through the physical results delivered. It is a 
hard route, without alternatives. Newcomers to the dialogue make 
contact by addressing Illstrumentation Products, Eastman Kodak 
Company, Rochester, N. Y. 14650. 

There is a 10t of money in high-energy physics, which fact 
creates severe problems for the physicists and justifies Kodak's 
interest in it under terms of Kodak's charter. Because goings
on in the subnuclear zoo have large denominators in their 
probabilities, bubble chambers consume film by the ton . M il
lions of pictures of tracks of bubbles are screened at public 
expense by large numbers of ladies to find which ones are 
worth submitting to further scrutiny by computers in hopes 
that a few of the pictures will shake out as possible evidence for 
or against hypotheses tentatively put forth by a few theoreti
cians and tentatively questioned by a few others. The cost of the 
film and the wages of the ladies represent, of course, only a 
small fraction of the bill that the physicists have to explain, 
somehow. When ladies sit packing sardines into cans instead of 
looking at pictures of bubbles, no explanation is required. 

This man likes sardine 
sandwiches. He also votes 
in congressional  elec
tions. We are not sure 
whether he drives a cab 
in M anhattan or tries to 
grow a little tobacco in 
Kentucky. In either case, 
life has not been easy. He 
hopes his son will do 
better. Bright kid, doing 
real well in college, where 
he has a scholarship and 
where in the physics de
partment is displayed the 

bubble-track picture from Brookhaven National Laboratory 
that established the existence of the omega-minus particle. 

The what? 
The kid wants to go on for a doctor's degree in physics. He 

probably has to know what things like that mean. 
We are of two minds about that man's son. On the one 

hand, we'd like to see him use his time in physics lab toward 
an engineering career. We simply cannot understand why 
more kids aren't going into engineering. Maybe they don't 
know what an engineer does, how he determines the most 
efficient way to get things done, whether it's getting sardines 
into a can with less labor or manufacturing photographic film 
or hunting intermediate vector bosons or saying how much 
photographic quality is worth in the boson hunt. Engineers 
find money convenient, particularly for the measurement of 
efficiency, and we can understand that. 

On the other hand, if the kid thinks he wants to understand 
more than that, maybe he ought to make himself i nto one of 
those hypothesizing theoreticians who keep the film-consum
ing bubble chambers busy. 

A polymer is o n ly a polymer 
Since textile technology antedates science, i t  m a y  still have 
some catching up to do. It can use new talent . It enjoys plenty 
of economic support of a nature that strongly couples textile 
technology and science to the world of marketing. 

There is no present shortage of kinds of polymer that might 
conceivably be spun into fibers, and there are certainly a lot 
more to come. But how will they fare with the girls on Fifth 

Avenue? What will the boys say on Seventh Avenue and in the 
Lodi, N.J. dye plants and in the knitting mills of the Carolinas? 

Opinions, desires, likes, dislikes, whims - they matter. The 
subjective is no less important than the objective. People who 
respect both sides of the coin and strive to relate them make 
good marketers. It's hard to get very far in fibers without them, 
any more than we can get along without those who can easily 
put together an hour's lecture on stereospecificity. 

We have gotten rather far in fibers with our trademarks 
"Kodel," "Verel," "Estron," "Chromspun." To get farther 
we need recruits prepared to accept and develop a concept of 
marketing so broad as to encompass at one end the creation 
and propagation of basic and badly needed improvements in 
some of mankind's oldest and most undeniably essential tech
nologies, and at the other end to convince the world that the 
improvements are worth having. 

Through Business and Technical Personnel Department, Eastman 
Kodak Company, Rochester, N. Y. 14650, technical people (and even 
non-technical people) can investigate career opportunities with our 
subsidiary Eastman Chemical Products, fnc. ,  which markets fibers 
from our manufacturing divisions Tennessee Eastman Company and 
Carolina Eastman Company. 

M a rs p hotogra phy : what to do it on  
Plates for photographing M ars are still mighty small business 
though M ars photographers have been at it for a long time. 
For this year's opposition, the Observatory of New Mexico 
State University is photographing the planet in six spectral 
bands every two hours. The most fluctuation in appearance 
and the most bafflement to explain it occur in the band cen
tered at 550mJ..l . For this band Dr. Bradford A. Smith, the ob
servatory'S director, has chosen KODAK "Spectroscopic" 
Plates, Type Ill-G, which establish the long-wavelength limit 
of sensitivity at about 600m J..l, have high speed for the job, and 
are not too grainy to show detail in the I to 3-millimeter image 
of the planet's disk formed by the observatory's 30-meter focal 
length instrument. He also uses the same type of plates for 
Jupiter, where the 550m J..l band probes the upper layers of the 
giant planet's  dense atmosphere. 

Elsewhere other astronomers maintain a watch on Mars 
also, whatever arrangements the space travel agencies have in 
mind for closer looks than the one that earthbound astrono
mers will be given at the midsummer '69 opposition and the 
considerably closer one of September, 1 97 1 .  After that, the 
high ellipticity of the M artian orbit will impose a I 5-year wait 
for another really close opposition. 

Dr. Smith's need has pulled Type IIl-G plates out of the 
limbo to which we had prematurely abandoned the type. As
tronomy with feet firmly planted on the ground still has vigils 
to keep photographically. 

Inquiries about specialized photographic plates for scientific pur
poses should be directed to Eastman Kodak Company, industrial 
Photo Methods, Rochester, N. Y. 14650. 

Feb. 26, 1 9 6 5  

April 2 5, 1 9 65 

Apri l  2 0, 1 9 65 

New Mexico Store University 
O b s e r v a tory photog ro p h s  
on KODAK "Spectrosco pic" 
Plates, Type I I I ·G. 

Apri l  2 2, 1 9 65 
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TRW 
. 

IS an enVIronment 
where things happen 

From Los Angeles to Washington, 
D.C. and around the world, look 
for achievement where you find 
TRW. 

Take a look at our buildings and 
laboratories in Los Angeles. Add our 
modern facilities in San Bernardino, 
Houston, Cape Kennedy and Wash
ington, D. C. Within these facilities, 
and through the combined efforts of 
more than 13,000 people working 
together, TRW Systems Group has 
built more kinds of spacecraft than 
any other U. S. manufacturer, and has 
participated in 9 out of 10 U. S. space 
launches. We're working on re-entry 
vehicles and bio-organic compounds, 
building low thrust rockets and geo
physical satellites. There's more to us 
than buildings. T here's activity, 
enthusiasm, professionalism ... peo
ple. In this environment, people find 
it easy to make things happen. 

Are you the kind of person who likes to 
make things happen? Drop a line (and 
a resume) today to James G. Lacy, 
Professional Placement, Dept. ISl-F, 
TRW Systems Group, One Space 
Park, Redondo Beach, California 
90278. TRW is an equal opportunity 
employer. 

We need men and women in: 
C o m p u t e r  S c i e n c e s  / A n a l y t i c a l  
Research / Chemistry / Aerosciences 
/ Information Systems / Communica
tions / Digital Systems / Electronic 
Warfare / Product Engineering / Aero
space Ground Equipment / Guidance 
& Control /Sensor Systems / Micro
electronics/ Manufacturing Engineer
ing / Electric Power / Administration 
/ Space Vehicle Design / Mechanical 
Engi neeri ng/Prod uct Assurance/I nte
gration & Test/Systems Engineering. 

TRW 
TRW (formerly Thompson Ramo Wooldridge) is 
60,000 people at 200 locations around the world, 
who are applying advanced technology in space, 
defense, automotive, aircraft, electronics and 
industrial markets. 
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Controlled Technology 

I
n an apparent effort to retard the de

velopment of nuclear weapons in 
other nations the U. S. has brought a 

halt to privately sponsored work on the 
gas-centrifuge process for the production 
of uranium 235. The policy appears to 
reflect concern that the details of the 
process, which could lend itself to unde
tected weapon-making, might pass to 
other countries. Research on the gas
centrifuge technique will continue, but 
it will all be conducted by the Govern
ment or by private companies under the 
contractual control of the Atomic Energy 
Commission. 

The gas-centrifuge process was one of 
the several techniques considered during 
World War II for separating uranium 
235 from natural uranium. The process 
adopted for large-scale production was 
gaseous diffusion. Both processes take 
advantage of the fact that U-235 is some
what lighter than U-238, the principal 
isotope lof uranium. Both processes be
gin with natural uranium in the form 
of a gaseous compound. In the diffu
sion process the separation of U-235 
from U-238 is achieved by forcing the 
gas through membranes; U-235 passes 
through them a trifle more easily. In the 
centrifuge the separation takes place 
when the gas is spun at high speed. 

The centrifuge process has not been 
perfected for large-scale operation. Sev
eral years ago the AEC authorized re
search on the process by private indus
try, which is interested in obtaining 
uranium only slightly enriched with 
U-235 for use in the reactors of atomic 
power plants. The question was whether 

SCIENCE AND 
or not the process could be made eco
nomically competitive with gaseous dif
fusion, which is expensive and uses large 
quantities of electricity but for which big 
Government-owned plants already exist. 

As long ago as 1960 John A. McCone, 
then chairman of the AEC, pOinted out 
that the gas-centrifuge process could 
complicate efforts to restrain the spread 
of nuclear weapons. "A production plant 
using the gas-centrifuge method could be 
simply housed," he said. "Its power re
quirements would be relatively small, 
and there would be no effects of opera
tion that would easily disclose the plant. " 
The AEC, announcing the new policy 
under its statutory authority to restrict 
access to nuclear information for reasons 
of national security, said it might modify 
the policy "if at some future time it is in 
the national interest to allow private par
ticipation in gas-centrifuge develop
ments." 

The Feel of the Moon 

The first tactile exploration of an ex-
traterrestrial body, performed on the 

moon last month by Surveyor 3, suggests 
that the material of the lunar surface is 
denser than other data had indicated. 
The material, at least in the section of 
the Ocean of Storms where Surveyor 3 
landed, had the consistency of a slightly 
cohesive fine sand or silt. A material 
less dense, lighter and perhaps powdery 
had seemed likely on the basis of radar 
data and temperature changes of the 
lunar surface recorded during eclipses. 

Surveyor 3 conducted its mechanical 
exploration of the lunar surface with a 
small scoop that could be extended as 
much as five feet out from the spacecraft 
and could dig trenches or bang on the 
surface over an area of about 24 square 
feet. The spacecraft also had a television 
camera that could observe the scoop and 
could, like the Surveyor 1 camera that 
made more than 11,000 photographs of 
the lunar surface a year ago, examine the 
area around the spacecraft. 

Ronald F. Scott of the California In
stitute of Technology, who was chief sci
entist for the digging operations of Sm
veyor 3, said on the basis of preliminary 
analysis of the data that the material ex
amined by the scoop did not appear to 
be of low density. (Earlier estimates had 
set the density of the lunar surface ma-
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THE CITIZEN 
terial at one gram per cubic centimeter 
or lower. ) He described the material as 
"granular, soil-like, with particles of min
erals that are very small" and said that, 
like soil on the earth, the material "Rrms 
up the deeper you go." 

Useful Tracks 

C harged nuclear particles, it was dis
covered less than a decade ago, 

leave tracks in a wide range of solids. 
Techniques for bringing out and inter
preting these tracks have now been de
veloped, providing what appears to be 
a powerful new tool with potential ap
plications in areas as dissimilar as nuclear 
physics and archaeology. The work has 
been done primarily by Robert M. Walk
er, now at Washington University in St. 
Louis, and R. L. Fleischer and P. B. Price 
of the General Electric Research Labo
ratory. 

When a charged particle moves 
through a solid, it ionizes atoms along 
its path. In insulating solids (most min
erals, glasses and plastics) the ionization 
leads to disruption of the solid's struc
ture, leaving a narrow trail of damage 
that can sometimes be discerned with 
difficulty in an electron micrograph. At 
General Electric in 1961 Walker and 
Price learned how to "develop" the 
tracks in mica by etching a sample with 
acid. The acid attacks the damaged re
gion preferentially, creating a channel 
that can be enlarged by prolonged etch
ing until it is readily visible with a light 
microscope. Fleischer and Price extend
ed the technique to other minerals and 
to glasses and plastics, and during a year 
at the University of Paris, Walker and 
his colleagues there discovered particle 
tracks in meteorites. 

Two broad categories of uses have 
opened up for the technique, one involv
ing man-made tracks and the other in
volving natural "fossil" tracks. In the Rrst 
category are such applications as particle 
detectors for nuclear physics and a new 
kind of micro Riter (made by irradiating a 
thin sheet of plastic with a beam of par
ticles and etching the resulting tracks to 
the desired diameter). 

The second category includes what 
may be the most exciting applications: 
the examination of natural materials
terrestrial and extraterrestrial-in order 
to date them and learn their ril.diation 

I 

Who but Gaertner builds a precision 
bench that's as long as you need 

for lasers, lenses or 
anything you want to put on it. 

Angstroms, microns, 
arc-seconds-you can 
measure almost anything 
with Gaertner instruments 

Position, align, rotate, manipulate anything 
that can be put on a bench • . .  materials, 
optics, components, instruments. Control 
it precisely with the many Gaertner Instru
ment Bench accessories. Space scientists, 
physicists, engineers, and quality control 
technicians use Gaertner Instrument 
Benches in an enormous variety of tasks. 
You'll find them equally adaptable to your 
own work. Want more information on 
Gaertner Instrument Benches and other 
precision measuring instruments? Write for 
our General Index and Instrument Bench 
Bulletin 156. Gaertner Scientific Corpora
tion, 1236 Wrightwood Avenue, Chicago, 
Illinois 60614. 

GAERTNER-
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history. Most terrestrial minerals con
tain traces of uranium 238, which fis
sions spontaneously at a known rate. By 
counting the fission tracks in a specimen 
and comparing the number with the 
specimen's present content of U-238 one 
can determine the date when a mineral 
became cool enough to retain tracks. The 
method, which is simple compared with 
other dating techniques, has been ap
plied to archaeological artifacts of glass 
and of other materials as well as to 
geological specimens, and over a time 
range of about a year (in uranium-rich 
samples) to a billion years. In the case 
of extraterrestrial material such as me
teorites, tracks are produced not only by 
spontaneous U-238 fission but also by 
various kinds of cosmic ray events and 
perhaps by spontaneous fission of iso
topes that are now extinct. One can dis
tinguish tracks that arose in different 
ways on the basis of their characteristics 
and the composition of the sample. It 
is therefore possible to capitalize on the 
great age of meteorites and their long 
exposure to cosmic rays in order to learn 
about the history of the solar system and 
the nature of cosmic radiation. 

Now Walker and W. H. Huang have 
reported in Science on a new kind of fos
sil track dating. It depends on the fact 
that when uranium or thorium atoms de
cay by emitting alpha particles, the emit
ting nucleus recoils, leaving a short track. 
The track can be etched and viewed with 
a phase-contrast microscope. There are 
thousands of times as many alpha-recoil 
tracks as fission tracks in a mineral, and 
so the newly discovered tracks give 
promise of greatly improved sensitivity 
in dating and other studies. 

Turned-off Genes 

Ijing cells, and even viruses, have 
more genes than they need at any 

particular time. A theory that cells and 
viruses have "repressor" genes capable 
of switching off unneeded genes has been 
confirmed in a series of experiments at 
Harvard University. 

Late last year Walter Gilbert and 
Benno Muller-Hill reported the isolation 
of the product of the lactose repressor 
gene, a gene in the bacterium Escherich
ia coli that can switch off the genetic ma
chinery for making beta-galactosidase. 
This is an enzyme that splits lactose su
gar, and thus it is needed only if the bac
terium's diet contains lactose. If lactose 
is absent, production of the enzyme is 
switched off by the repressor gene. 

Gilbert and Miiller-Hill found that the 
product of this gene-the lactose repres
sor itself-is a protein. They isolated the 
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protein by assuming that it is bound to 
an "inducer" molecule, which they sur
mised was either lactose or a closely re
lated compound. The inducer turned out 
to be the latter: isopropyl-thio-galacto
side, a compound the E. coli cell evi
dently produces from lactose. By binding 
itself to the lactose repressor the inducer 
inactivates the repressor, whereupon the 
genes that make beta-galactosidase are 
free to function. 

At about the same time another Har
vard investigator, Mark Ptashne, inde
pendently isolated a repressor made by 
the bacterial virus known as phage 
lambda. This repressor, which blocks 
the function of phage genes, also proved 
to be a protein. 

When these two repressor proteins
one from a bacterium, the other from a 
virus-were first announced, their mode 
of action was still not known. In propos
ing the existence of repressor genes 
several years ago Fran90is Jacob and 
Jacques Monod of the Pasteur Institute 
considered several modes of operation. 
The simplest would be for the repressor 
substance to bind itself directly to one 
or more genes responsible for the synthe
sis of a particular enzyme, such as beta
galactosidase. Since frequently more 
than one gene is needed to specify an 
enzyme, Jacob and Monod suggested 
that the expression of these genes is con
trolled by an "operator" gene. In that 
case the repressor would have to bind it
self only to the operator. One can, how
ever, conceive of many other ways in 
which the repressor could prevent the 
synthesis of a particular enzyme. 

Ptashne has now reported in a recent 
issue of Nature that the phage lambda 
repressor is bound directly to a region 
of the molecule of deoxyribonucleic acid 
(DNA) that comprises the genes of the 
phage. In parallel studies Gilbert and 
Muller-Hill have found that the lactose 
repressor is bound to a region of the 
DNA of E. coli. (A report of their work 
is in press.) Thus the simplest hypothesis 
of repressor action has evidently been 
confirmed. 

Cosmic Reversal? 

The discovery of miniature tektites in 
cores of sediment brought up from 

the ocean bottom off Java and Australia 
has raised the possibility that the most 
recent reversal of the earth's magnetic 
field, some 700,000 years ago, was 
caused by a collision with a cosmic body. 
At the April meeting of the American 
GeophYSical Union, Bill Glass and Bruce 
C. Heezen of Columbia University's 
Lamont Geological Observatory report-

ed that many of the distinctive glassy 
beads that are apparently the product of 
collisions between the earth or the moon 
and stray wanderers in space have been 
found at or just above the points in nine 
cores at which the reversal of the earth's 
magnetic field is evident. 

Only a few hundredths of an inch in 
diameter, these micro tektites have the 
same age as the larger glassy objects that 
occupy a "strewn field" extending from 
Thailand to Tasmania; both therefore 
probably have the same origin. Before 
the existence of the submerged tektites 
was known, the total weight of the ma
terial in the Australasian strewn field had 
been estimated at 1,000 tons. Heezen 
and Glass have raised this estimate to 
150 million tons, equivalent to a sphere 
roughly a third of a kilometer in di
ameter. They suggest that an encounter 
between the earth and such a body 
could have produced mechanical or elec
tromagnetic effects sufficient to upset 
the magnetohydrodynamic motions of 
the earth's core and cause a reversal 
of the main dipole field. 

The Galactic Core Revealed 

The center of our galaxy, which is 
presumably thick with stars, cannot 

be seen at visible wavelengths because it 
is hidden behind huge masses of inter
stellar dust. In recent months, however, 
Eric Becklin and Gerry Neugebauer of 
the California Institute of Technology 
have demonstrated that the center can 
be observed through the dust with in
frared detectors used in conjunction with 
optical telescopes. 

It is estimated that the dust lying be
tween us and the galactic center reduces 
the light originating in the center by a 
factor of 10 billion. For infrared radia
tion with a wavelength of one micron the 
reduction is 100,000, and for infrared at 
2.2 microns it drops to about 10. Becklin 
and Neugebauer made their initial ob
servations of the galactic center last sum
mer at wavelengths between two and 2.4 
microns, using a 24-inch reflecting tele
scope on Mount vVilson equipped with 
a lead sulfide infrared detector cooled 
with liquid nitrogen. More detailed stud
ies at 1.65, 2.2 and 3.4 microns were 
later made with the 60-inch Mount Wil
son reflector and the 200-inch reflector 
on Palomar Mountain. 

Observed in the infrared, the galactic 
center coincides in position and size with 
the celestial radio source known as Sagit
tarius A, which lies either in the galactic 
center or along our line of sight to it. 
(Radio waves are almost totally unaf
fected by interstellar dust.) In high-reso-
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Can our inventors help you? 
(Humble's research people average a new patent every day.) 

The idea you're looking for may be 

among the 350 patentable inventions 

our research scientists came up with in 

the last 12 months. 

With about 6,000 patents in force, 

in industrial lubricants, process oils, products you can't get from just any 

solvents, waxes and fuels - or any other oi I company. Let our local representative 

product made from petroleum. And if show you the difference. Or write to our 

we don't have the answer to a significant Industrial Business Office, P.O. Box 

problem, we'll start looking. 2180, Houston, Texas. 

there's a good chance we have the Try us. All our inventions have a single 

* answers you need. Money-saving answers objective: to give you the sort of �� HUM B LE COL • REF'N'NG COMPANY • • •  THE PEOPLE WHO 'PUT A "GER 'N YOUR TAN�::1� 
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flip 
(a special steel keeps her shipshape) 

FLIP (short for Floating Instrument Platform) is 
one of the most unusual research laboratories ever 
built. It is used to study the behavior of sound in the 
sea's depths. Underway, FLIP is long and slender, 

When FLIP is flooded at one end, the other end rises 
to form a nearly rock-solid floating platform. In 35-

FLIP studies will help develop superior sonar sys
tems for our nation's defense. USS-innovated TRI
TEN Steel is 40 % stronger than regular steel. Thus, 
the extra strength needed to make FLIP's hull de
sign possible could be obtained without using thicker 

and it must resist excessive sagging in heavy seas. 
Its designers needed a special steel to make the hull 
capable of handling the stresses, and they found it 
in USS TRI-TEN High Strength Steel. 

ft. seas, FLIP bobs a scant 3 inches. Upright, 300 of 
FLIP's 355 ft. are underwater. 

steel plates, saving many tons of useless dead weight. 
For more information about USS High Strength 
Steels, write United States Steel, Room 4522, 525 
William Penn Place, Pittsburgh, Pa. 15230. 
USS and TRI-TEN are registered trademarks. @!� United States Steel: where the big idea is innovation 
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lution infrared scans made with the 
200-inch telescope the galactic center 
shows up as a brilliant core 30 seconds 
of arc in diameter, which is a sixtieth of 
the apparent diameter of the moon. Near 
the galactic center there are several 
weaker and more extended sources of 
infrared. The observations made so far 
indicate that the nucleus of our galaxy 
closely resembles the nucleus of our 
galactic neighbor the Great Nebula in 
Andromeda. 

Becklin and Neugebauer estimate that 
the energy emitted from the galactic 
core, the diameter of which is some five 
light-years, approaches 1040 ergs per sec
ond. This is equivalent to the output of 
some three million suns. If this estimate 
is correct, the density of matter in the 
core is about 10 million times greater 
than the density in the spiral arm-
30,000 light-years from the galactic cen
ter-where our sun is located. 

Earliest New World Men 

p rimitive tools found in association 
with the remains of long-extinct 

mammals in Mexico and the Cana
dian Northwest suggest that early man 
reached the Western Hemisphere at 
least 20,000 years ago and perhaps as 
much as 40,000 years ago. Heretofore 
evidence of man's presence in the New 
World earlier than some 12,000 years 
ago has been doubtful. The Mexican 
discovery consists of stone tools em
bedded in a deep deposit of gravels in 
the central state of Puebla. Beginning 
in 1962 Juan Armenta Camacho of the 
University of Puebla and Cynthia Irwin
Williams of Eastern New Mexico Uni
versity have unearthed the tools at a 
number of sites in the gravels, which 
have also yielded the bones of mam
moths and of extinct forms of the horse 
and the camel. One site shows evidence 
that the occupants had killed a masto
don, another of the primitive elephants 
that inhabited the Americas during the 
ice age. At three of the sites a layer of 
volcanic ash overlies the gravel in which 
the tools are found: a tree trunk buried 
in the ash layer has now yielded conflict
ing carbon-14 dates. Some wood samples 
appear to be about 20,000 years old, 
others about 40,000. Efforts are being 
made to resolve the discrepancy, but 
even the more recent date would nearly 
double the antiquity of man in the New 
World. 

The sites in Mexico may have to share 
honors with the one in Canada. The dis
covery there consists of several bone im
plements, including one made out of 
mammoth bone, found among the re-

mains of mammoths, sloths and extinct 
forms of the horse and the camel in a 
glacial deposit on the banks of the Old 
Crow River in the Yukon. C. R. Haring
ton, a paleontologist at Canada's Na
tional Museum, came on the site while 
exploring the river last year; W. N. Ir
ving, an archaeologist at the museum, 
joined him in excavating the bones. Car
bon-14 and other age determinations 
have not yet been completed, but the in
vestigators point out that carbon-14 dat
ing has shown mammoth remains in 
Alaska and Siberia to be more than 
20,000 years old. Any mammoth-bone 
implement found elsewhere in the Arc
tic, they contend, should be at least as 
old and possibly older. 

Sellinduced Transparency 

A novel effect of the light produced 
by a pulsed laser has been discov

ered by physicists at the University of 
California at Berkeley. They have suc
ceeded in passing short bursts of coher
ent light from such a laser through a 
thickness of material that is opaque to 
a similar burst of incoherent light from 
an ordinary lamp. The new effect, called 
"self-induced transparency by pulsed co
herent light," was the subject of a paper 
delivered by E. L. Hahn of the Berkeley 
group at the spring meeting of the 
American Physical Society held in Wash
ington. 

According to Hahn, when ordinary 
incoherent light is absorbed by an 
opaque material, the light pulse gives 
up its energy of vibration to the target 
atoms as it penetrates a short distance 
into the material. This energy can never 
return to the light beam. In contrast, a 
short burst of coherent laser light can be 
intense enough to overcome atomic fric
tion: the atoms' electrons are forced mo
mentarily to absorb the light energy, but 
they promptly return the energy to the 
laser beam in the same direction in which 
it was originally traveling. This happens 
because the electrons are set in a coop
erative motion that is synchronous with 
the coherent-light vibrations. 

So far the transparency effect has 
been observed only in insulators and not 
in metals. Theoretically the same effect 
should be obtainable with radio waves, 
microwaves or even sound waves, all of 
which are usually absorbed in matter. 
Hahn and his colleagues believe the new 
effect may be useful in studying the 
rapid motions of atoms and electrons in 
solids. The slowing down of the light 
pulse as it passes through the material 
may also prove to be useful in communi
cations and computer technology. 

The Celestron 16 
SCHMIDT·CASSEGRAIN TELESCOPE 

The many basic features of this superb fJll. 
I6.lnch Telescope IS well as optional accessories 
make it the most versatile Instrument available for 
educational Institutions. VisuallY it may be used 
at low magnification for open cluster or nebulae 
study or at high magnification for close·up views 
of the moon or planets. In either case the images 
are unusually crisp and well illuminated. Accessories 
are available for using this instrument as I plane
tary camera or as an f /2 Schmidt Camera. 

Priced at $11.500.00 illc/udil'g oll·site imlalla. 
liolt assistance (Old ills/rllctioll. 

Celestroll Pacific - 13214 Crenshaw Blvd. 
Gardena. Calif. 90249 Ph. (213) 323·6160 

250 MILLION 
MEGAWATTS 
PER SQUARE CENTIMETER 
per steradian is the output 
of the Korad model K-1S00 
Laser ... the world's brightest 

SEND 
FOR 

THIS 
BOOKLET 
which describes techniques for mea
suring laser brightness. Also new 1967 
catalog describes full line of lasers. 

KCRACe 
2520 Colorado Ave . • Santa Monica. Calif. 90406 

Union Carbide, U. K. Ltd., 8 Grafton St. 
London W·l, England 
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(Advertisnnent) 

VACUUM COATED STEELS 
An idea borrowed from the electronics field, "vacuum evaporation", 

has multiplied the number of potential steel coatings to create a 

new generation of valuable products. 

Aif to emphasize the technological 
changes which are taking place 

in many of its processing opera
tions, the steel industry recent

ly borrowed an idea from the electron
ics field, scaled it up a hundred times 
and introduced a new steel coating proc
ess. The technique, used in the pro
duction of transistors and other space 
age electronic components, consists of 
evaporating metallic or non-metallic 
materials in high vacuum and condens
ing them onto a prepared substrate to 
form a coating. Youngstown Steel has 
been working with this process for the 
past four years, exploring its general 
utility. In many cases, special surface 
properties have been obtained on steel 
strip which could not have been eco
nomically achieved by other means, and 
from this work a ncw generation of 
coated steel products has emerged. 

Research has reached a stage where 
a high speed pilot line is being used to 
prepare coils of steel with different 
coatings for customer evaluation. A key 
feature of the system is a series of re
markably effective roll seals. These seals 
enable a clean strip to pass continuously 
from the atmosphere into the high vac
uum evaporation chamber operating at 
a pressure below 10-' Torr, and out 
again. Inside the evaporating chamber, 
a specially designed crucible containing 
the coating material is heated by a 
beam of high energy electrons to some 
characteristic temperature at which 
large quantities of vapor are rapidly 
evolved. For example, with aluminum 
this temperature is about 1700°C. The 
vapor is immediately condensed onto 
the moving steel strip to form the de
sired coating. A number of individual 
evaporators is used in order to increase 
the operating speed and to produce a 
coating on both sides of the strip rang
ing in thickness from 0.001 to 1.0 mil. 
The use of the electron beam as a heat
ing device permits the evaporation of 
a wide range of coating materials in
cluding those with very high evapora
tion temperatures. 

One of the important technical prob
lems in this field is that of obtaining 
good adhesion between the condensate 
and the steel substrate. Procedures vary 
for each material; however, again tak
ing aluminum as an example, the steel 
must be pickled and subsequently pre
heated to a temperature of 400°C in 
vacuum before deposition of the coat
ing. Electron diffraction studies of the 
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interface between the steel and the 
aluminum have shown that a magnetite 
film is present at substrate temperatures 
below about 350 ° C, (see illustration) 
and is accompanied by poor adhesion. 

FeO'(Fe,AI 

350·C-450·C 

Fe2 AJs 
>450·C 

VAR IATIONS IN INTERMEDIATE LAYER BETWEE N 
VACUUM DEPOSITED ALUMINUM AND STEEL 

As the substrate temperature is in
creased towards 450°C, an alumina 
spinel of varying composition is formed 
and the adhesion and corrosion resist
ance of the coating increase markedly. 
At temperatures above 450°C, an 
Fe,AI, phase can be detected. Adhe
sion at this point is excellent but rapid 
total conversion of thin films to the 
brittle intermetallic can occur. This 
operating range is therefore generally 
avoided. Other coating metals of low 
melting point and high vapor pressure, 
such as zinc, require more critical con
trol of substrate temperature. In addi-

Youngstown , Steel 
THE YOUNGSTOWN SHEET AND TUBE COMPANY· YOUNGSTOWN, OHIO 44501 

tion, they require the use of an inter
mediate layer of a second metal to se
cure acceptable adhesion. 

Other aspects of the process are un
der investigation including those con
nected with the control of coating prop
erties and those related to the develop
ment of new equipment designs for 
more efficient operation. Data are 
steadily being accumulated through 
operation of the pilot facility and this 
information will eventually be used to 
further the construction of full scale 
production equipment. 

Much of the work which has already 
been carried out points to the unusual 
flexibility of the new technique and the 
commercial significance of the prod
ucts. For example, the "tin" can which is, 
of course, basically a "steel" can could 
be manufactured by substituting another 
metal for tin. Aluminum or chromium 
are contenders in this respect. They 
provide an attractive finish, are readily 
available, and have chemical proper
ties which encourage their use in cer
tain food containers. 

There are many additional examples 
of ways in which vapor deposited 
coatings can be used to broaden the 
performance of a steel product. Zinc, 
for special automotive applications, and 
stainless steel for architectural usage 
are both promising materials. Experi
ments have already shown that stain
less steel compositions can be evap
orated and condensed to form finishes 
with great corrosion resistance. The ap
plication of metals such as copper for 
brazability, or titanium for chemical 
inertness is also under consideration. 

A great deal of additional research 
and development will be necessary to 
create the systems which will econom
ically process a hundred thousand tons 
of these new strip products a year. 
Nevertheless, it is apparent at this time 
that the steel industry in its search for 
effective new techniques has discovered 
in vacuum evaporation a method with 
significant potential. 

Steel and steel application problems 
are continually under investigation at 
Youngstown's research center in support 
of Youngstown's position as a major 
supplier of a wide variety of low carbon 
and low alloy products. The work on 
coated products represents only a small 
part of the 24 hour a day research effort. 
If you think Youngstown can help you, 
call at your convenience, or write De
partment 251 E6. 
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You can get Sylvania molybdenum and tung
sten as powders-or in a complete range of 
mill forms. 

Sylvania also makes finished parts to your 
specifications. 

For over a quarter of a century, we've 

been working with high-temperature 

refractory metals - molybdenum and 

tungsten. 

We begin with the crude molybdic 

oxide, sublimated from the roasted 

ore. And with tungsten ore. The mate

rials are processed and reduced to 
metal powders that have the particle 

size characteristics specified. 

We measure those characteristics 

every step along the way. That way we 

can control the particle size and dis

persion in the finished product. 
Our alloy materials are processed 

the same way-to meet customer speci

fications. One of our newest products 

is a nickel-base alloy containing rare 

earths dispersed to improve high-tem

perature properties and neutron cross

section absorption characteristics. The 

application is for control panels in a 

nuclear reactor. 

For structural uniformity in new 

materials- and for new applications, 

think of Sylvania. Tell us what you 

need. Or just tell us your problems. 

We'll work with your specifications or 

with your engineers. 

Sylvania Electric Products Inc. , 

Chemical & Metallurgical Division, 

Towanda, Pennsylvania 18848. 

SYLVANIA 
GEN'E"RAL TELEPHONE & ELECTRONICS G1&E 

We were a pioneer in powder metallurgy 
for molybdenum, tungsten, and alloys. 
It's still the only pr ocess we use to give 
you controlled uniformity in materials. 
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Diamonds help 
keep the 
Phantoms flying. 
Hurdling "impossible" problems is a 
routine occurrence at McDonnell Co./ 
St. louis, Mo., master builder of the 
successful Mercury and Gemini spacecrafts 
and Phantom supersonic fighter planes. 

In making a Phantom, the producer must 
mill, bore, grind, cut and drill a broad 
variety of titanium alloys and other exotic 
metals to exact specifications. 

Rugged carbide tools perform this vital task. 
And when these tools periodically require 
resharpening, an even more rugged material 
has to do the job: De Beers synthetic 
diamonds are used in grinding wheels 
of various shapes and sizes. 

But you don't have to manufacture 
jet planes to take advantage of diamond tools. 
Manufacturers and metal fabricators all 
over the world are finding that diamond tools 
make tough jobs easy. That's why 
diamond grinding wheels, dressing tools and 
lapping compounds are being used 
more and more widely. 

Are you frightened by the cost of 
diamond tools? Forget it. If you cut, 
sharpen, grind or smooth anything, you can 
probably use diamond tools profitably. 
Your tool and wheel maker can show you how. 
Or write to this magazine for 
more information. 

"The Industrial Diamond Revolution"-A Technical 
Conference sponsored by The Industrial Diamond 
Association of America at Battelle Memorial Institute, 
Columbus, Ohio, November 13-14-15, 1967. 

Papers will be presented on applied research, 
technology, use and new applications of diamonds. 
For information, write to: "Diamond Conference," 
330 S. Wells St., Chicago, III. 60606. 

De Bee�s World's leading source 

of natural and synthetic diamonds 

for industry ... backed by 

the Diamond Research Laboratory 

Shannon, Ireland � 
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Molecular Isomers in Vision 

Certain organic compounds can exist In two or more forms that have 

the same chemical composltlon but different molecular architecture. 

One of them is the basis for vision throughout the animal kingdom 

M
olecular biology, which today is 
so often associated with very 
large molecules such as the nu

cleic acids and proteins, actually em
braces the entire effort to describe the 
structure and function of living orga
nisms in molecular terms. We are coming 
to see how the manifold activities of the 
living cell depend on interactions among 
molecules of thousands of different sizes 
and shapes, and we can speculate on how 
evolutionary processes have selected 
each molecule for its particular func
tional properties. The significance of pre
cise molecular architecture has become 
a central theme of molecular biology. 

One of the more recent observations 
is that biological molecules are not 
static structures but, in a number of well
established cases, change shape in re
sponse to outside influences. As an ex
ample, the molecule of hemoglobin has 
one shape when it is carrying oxygen 
from the lungs to cells elsewhere in the 
body and a slightly different shape when 
it is returning to the lungs without oxy
gen [see "The Hemoglobin Molecule," 
by M. F. Perutz; SCIENTIFIC AMERICAN, 
November, 1964]. A somewhat similar 
changeability in the molecule of lyso
zyme, which breaks down the walls of 
certain bacterial cells, was described in 
these pages last November by David C. 
Phillips of the University of Oxford. In 
this article we shall describe some of the 
simplest changes in shape that can take 
place in much smaller organic molecules 
and show how change of this type pro
vides the basis of vision throughout the 
animal kingdom. 

A "Childish Fantasy" 

The notion that molecules of the 
same atomic composition might have 
different spatial arrangements is less 
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by Ruth Hubbard and Allen Kropf 

than 100 years old. It dates back to a 
paper titled "Sur les formules de struc
ture dans l' espace," written in 1874 
by Jacobus Henricus van't Hoff, then 
an obscure chemist at .. the Veterinary 
College of Utrecht. At that time it was 
still respectable to doubt the existence 
of atoms; to speak of the three-dimen
sional arrangement of atoms in molecules 
was a speculative leap of great audacity. 
Van't Hoff's paper provoked Hermann 
Kolbe, one of the most eminent organic 
chemists of his day, to publish a wither
ing denunciation. 

"Not long ago," Kolbe wrote in 1877, 
"I expressed the view that the lack 
of general education and of thorough 
training in chemistry of quite a few pro
fessors of chemistry was one of the caus
es of the deterioration of chemical re
search in Germany . . . .  Will anyone to 
whom my worries may seem exagger
ated please read, if he can, a recent 
memoir by a Herr van't Hoff on 'The Ar
rangements of Atoms in Space,' a docu
ment crammed to the hilt with the out
pourings of a childish fantasy. This Dr. 
J. H. van't Hoff, employed by the Vet
erinary College at Utrecht, has, so it 
seems, no taste for accurate chemical 
research. He finds it more convenient to 
mount his Pegasus (evidently taken 
from the stables of the Veterinary Col
lege) and to announce how, on his dar
ing flight to Mount Parnassus, he saw 
the atoms arranged in space." 

Van't Hoff's "childish fantasy" was 
put forth independently by the French 
chemist Jules Achille Ie Bel and was 
soon championed by a number of leading 
chemists. In spite of Kolbe's opinion, 
evidence in support of the three-dimen
sional configuration of molecules rapidly 
accumulated. In 1900 van't Hoff was 
named the first recipient of the Nobel 
prize in chemistry. 

Even before van't Hoff's paper of 
1874 chemists had begun using the con
cept of the valence bond, commonly 
represented by a line connecting two 
atoms. It was not unnatural, therefore, to 
associate the valence bond concept with 
the idea that atoms were arranged pre
cisely in space. The simplest hydrocar
bon, methane (CH4), would then be rep
resented as a regular tetrahedron with a 
hydrogen atom at each vertex joined by 
a single valence bond to a carbon atom 
at the center of the structure [see illus
tration on page 66]. 

The valence bond remained an elu
sive concept, however, until G. N. Lew
is postulated in 1916 that a common 
type of bond-the covalent bond-was 
formed when two atoms shared two 
electrons. "When two atoms of hydrogen 
join to form the diatomic molecule," he 
wrote, "each furnishes one electron of 
the pair which constitutes the bond. Rep
resenting each valence electron by a dot, 
we may therefore write as the graphical 
formula of hydrogen H : H." He visual
ized this bond to be "that 'hook and 
eye,' which is part of the creed of the or
ganic chemist." To explain why electrons 
should tend to pair in this manner, Lewis 
could offer nothing beyond an intuitive 
principle that he called "the rule of two." 

The rule of two entered the physi
cist's description of the atom when 
Wolfgang Pauli put forward the exclu
sion principle in 1923. This states that 
electrons in atoms and molecules are 
found in "orbitals" that can accommo
date at most two electrons. Since elec
trons can be regarded as minuscule spin
ning negative charges, and thus as tiny 
electromagnets, the two electrons in each 
orbital must be spinning in opposite di
rections. 

Let us return, however, to some of 
the chemical observations that gave rise 
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to van't Hoff's ideas of stereochemistry 
late in the 19th century. Chemists were 
confronted by a series of puzzling ob
servations best exemplified by two sim
ple compounds: maleic acid and fumaric 
acid [see illustrations on page 67]. Here 
were two distinct, chemically pure sub
stances, each with four atoms of carbon, 
four of hydrogen and four of oxygen 
(C�H404). It was known, moreover, that 
the connections between atoms in the 
two molecules were exactly the same and 
that the two central carbon atoms in each 
molecule were connected by a double 
bond. Yet the two compounds were in
disputably different. Whereas crystals 
of maleic acid melted at 128 degrees 
centigrade, crystals of fumaric acid did 
not melt until heated to about 290 de
grees C. Furthermore, maleic acid was 

ALL-TRANS RETINAL 

11-CIS RETINAL 

about 100 times more soluble in water 
and 10 times stronger as an acid than 
fumaric acid. When maleic acid was 
heated in a vacuum, it gave off water va
por and became a new substance, maleic 
anhydride, which readily recombined 
with water and reverted to maleic acid. 
Fumaric acid underwent no such re
action. On the other hand, if either 
compound was heated in the presence 
of hydrogen, it was transformed into 
the identical compound, succinic acid 
(C4HG04), which contains two more hy
drogen atoms per molecule than maleic 
or fumaric acid. 

It was known that the four carbon at
oms in maleic and fumaric acids form a 
chain. The only way to explain the dif
ferences between the compounds is to 
assume that the two halves of a molecule 

that are connected by a double bond 
are not free to rotate with respect to 
each other. Thus the form of the C4H404 
molecule in which the two terminal 
COOH groups lie on the same side of 
the double bond (maleic acid) is not 
identical with the form in which the 
COOH groups lie on opposite sides 
(fumaric acid). Molecules that assume 
distinct shapes in this way are called geo
metrical or cis-trans isomers of one an
other. "Cis" is from the Latin meaning 
on the same side; "trans" means on op
posite sides. Therefore maleic acid is the 
cis isomer of the C4H404 molecule and 
fumaric acid is the trans isomer. vVhen 
the double carbon-carbon bond of either 
isomer is reduced to a single bond by the 
addition of two more hydrogen atoms, 
the two halves of the molecule are free 

12 1 14 
� 

FUNDAMENTAL MOLECULE OF VISION is retinal (C2oH2SO), 
also known as retinene, which combines with proteins called opsins 

to form visual pigments. Because the nine-member carbon chain in 

retinal contains an alternating sequence of single and double bonds, 

it can assume a variety of bent forms. Each distinct form is termed 

an isomer. Two isomers of retinal are depicted here. In the models 

(left) carbon atoms are dark, except carbon No. 11, which is shown 

in color; hydrogen atoms are light. The large atom attached to car

bon No. 15 is oxygen. In the structural formulas (right) hydrogen 

atoms are omitted_ The parts of each isomer that lie in a plane 

are marked by background panels. When tightly bound to opsin, 

retinal is in the bent and twisted form known as 11-cis. When 

struck by light, it straightens out into the aU-trans configuration_ 

This simple photochemical event provides the basis for vision. 
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METHANE 

CH4 

SIMPLEST HYDROCARBON MOLECULES are methane, ethane and ethylene. In meth· 

ane the carbon atom lies at the center of a tetrahedron that has a hydrogen atom at each 

apex. The models at right show relative diameters of carbon and hydrogen. Ethane can be 

visualized as two tetrahedrons joined apex to apex. Ethylene, the simplest hydrocarbon that 

has a carbon·carbon double bond, can be visualized as two tetrahedrons joined edge to edge. 

The C=C bond in ethylene is about 15 percent shorter than the C-C bond in ethane. 
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to rotate with respect to each other and 
a single compound �'esults: succinic acid. 

Van't Hoff proposed that when two 
carbon atoms are joined by a single 
bond they can be regarded as the cen
ters of two tetrahedrons that meet apex 
to apex, thus allowing the two bodies to 
rotate freely. To represent a double 
bond, he visualized the two tetrahe
drons as being joined edge to edge so 
that they were no longer free to rotate. 
Apart from minor modifications his pro
posals have stood up extremely well. 

Electrons in Orbi tals 

Van't Hoff's explanation, of course, 
vvas a purely formal one and provided 
no real insight into why a double bond 
prevents the parts of a molecule it joins 
from rotating with respect to each oth
er. This was not understood for another 
50 years, when the development of wave 
mechanics by Erwin Schrodinger set the 
stage for one of the most productive 
periods in theoretical chemistry. With 
Schrodinger's wave equation to guide 
them, chemists and physicists could 
compute the orbitals around atoms 
where pairs of electrons could be found. 
The valence bonds, which chemists had 
been drawing as lines for almost a cen
tury, now took on physical reality in the 
form of pairs of electrons confined to 
orbitals that were generally located in 
the regions where the valence lines had 
been drawn. 

The first molecule to be analyzed 
successfully by the new wave mechan
ics was hydrogen (H2)' Walter HeitIer 
and Fritz London applied Schrodillger's 
prescription and obtained the first pro
found insight into the nature of chemi
cal bonding. Their results define the re
gion in space most likely to be frequent
ed by the pair of electrons associated 
with the two hydrogen atoms in the hy
drogen molecule. The region resembles 
a peanut, each end of which contains a 
proton, or hydrogen nucleus [see top il
lustration on page 68]. 

The phrase "most likely to be frequent
ed" must be used because, as Max Born 
convincingly argued in the late 1920's, 
the best one can do in the new era of 
quantum mechanics is to calculate the 
probability of finding electrons in cer
tain regions; all hope of placing them in 
fixed orbits must be abandoned. The 
new methods were quickly applied to 
many kinds of molecule, including some 
with double bonds. 

One of the most fruitful methods for 
describing doubly bonded molecules
the molecular-orbital method-was de
vised by Robert S. Mulliken of the Uni-
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versity of Chicago, who last year received 
the Nobel prize in chemistry. In Mulli
ken's concept a double bond can be 
visualized as three peanut-shaped re
gions [see bottom illustration on next 
page J. The central peanut, the "sigma" 
orbital, encloses the nuclei of the two 

H 

� __ �� __ ----��COOH 

H 

COOH 

O
�/

OH 

�C 
I 

H--C--H 

I 
H--C--H 

I #C 
o -;:::? "-0 H 
SUCCINIC ACID 

adjacent atoms, as in the hydrogen mol
ecule. The other two peanuts, which 
jointly form the "pi" orbital, lie along 
each side of the sigma orbital. The im
plication of this model is that in forming 
the sigma orbital the two electrons occu
py a common volume, whereas in form-

H � __________ �COOH 

H 

0 
II H

,,-/
C 

C "-OH 

" 
/

C
"- /

OH 
H C 

II 0 
MALEIC ACID 

COOH 

ing the pi orbital both electrons tend to 
occupy the two separate volumes simul
taneously. 

One can say that the sigma bond con
nects the atoms like an axle that joins 
two wheels but leaves them free to ro
tate separately. The pi bond ties the 

H ..c--------:71 COOH 

H 

HOOC 

MOLECULAR PUZZLE was presented to chemists of the 19th cen· 
tury hy maleic acid and fumaric acid, which have the same for
mula, C4H404, and can be converted to succinic acid by the addi· 
tion of two hydrogen atoms. Nevertheless, maleic and fumaric acids 
have very different properties. In 1874 Jacobus Henricus van't 
Hoff suggested that the central pair of carbon atoms in the three 

acids could be visualized as occupying the center of tetrahedrons 
that were joined edge to edge in thp. case of maleic and fumaric 
acids and apex to apex in the case of succinic acid. Thus the spatial 
relations of the two carboxyl (COOH) groups would be rigidly 
fixed in maleic and fumaric acids but not in succinic acid, because 
in the latter molecule the tetrahedrons would be free to rotate. 

0 
II H C 
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II /C� /OH 
H C 

1/ 0 
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� C H 

/I 0 
FUMARIC ACID 

ONE CONSEQUENCE OF ISOMERISM is that maleic acid readi· 
ly loses a molecule of water when heated, yielding maleic anhy. 

dride. Fumaric acid does not undergo this reaction because its 
carboxyl groups are held apart at opposite ends of the molecule. 
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H 

HYDROGEN MOLECULE is formed when two atoms of hydrogen (H) are joined by a 

chcmi('al bond. The bond is ereated by the pairing of two electrons, one from each atom, 

which must have opposite magnetic properties if the atoms are to attract each other. The 

position of the electrons as they orbit around the hydrogen nuclei cannot be precisely 

known but can be represented by an "orbital," a fuzzy region in which the electrons spend 

most of their time. Known as a sigma orbital, it can be stylized as at lower right. The for

mula for the hydrogen molecule can be written as at lower left; the dots indicate electrons. 

H 
H 

H 

MOLECULAR ORBITALS help to explain why molecules held together by single bonds 

differ from molecules with double bonds. For example, the two carbon atoms in ethane are 

joined by two electrons in a sigma orbital, similar to the orbital in the hydrogen molecule. 

The two ends of the molecule, like wheels joined by a simple axle, are able to rotate. The 

two carbon atoms in ethylene (middle) are joined by two additional electrons in a "pi" 

orbital (color), as well as by two electrons in a sigma orbital. The four hydrogen atoms in 

ethylene are held in a plane perpendicular to the plane of the orbitals. The effect is as if 

two wheels were held together by two rigid rods in addition to an axle. When ethylene is in 

an "excited" state (bottom), one of the pi electrons occupies the four-lobed orbital. This 

lessens the rigidity of the double bond and gives it more of the character of a single bond. 
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two wheels together so that they must 
rotate as a unit. It also forces the two 
halves of the molecule to lie in the same 
plane, exactly as if two tetrahedrons 
were cemented edge to edge. In this 
way the molecular-orbital description of 
bonding provides a quantum-mechanical 
explanation of cis-trans isomerism. 

The single bond joining two atoms, 
such as the carbon atoms of the two 
methyl groups in ethane (CH:3-CH:I), 
is a sigma bond, which leaves the 
groups attached to the two carbons free 
to rotate vvith respect to each other. Ac
tually the two methyl groups in ethane 
are known to have a preferred config
uration, so that they are not completely 
freewheeling. Nonetheless, at ordinary 
temperatures enough energy is avail
able to make 360-degree rotations so 
frequent that derivatives of ethane (in 
which one hydrogen in each methyl 
group is replaced by a different kind of 
atom) do not form cis-trans isomers. 
There are exceptions, however, if the 
groups of atoms that replace hydrogen 
are so bulky that they collide and pre
vent rotation. In general, therefore, cis
trans isomerism is confined to molecules 
incorporating double bonds. 

Electrons Delocalized 

So much for molecules that have one 
double bond. What is the situation 
when a molecule has two or more dou
ble bonds? SpeCifically, what stereo
chemical behavior can be expected 
when single and double bonds alternate 
to form what is called a conjugated sys
tem? 

The simplest conjugated system is 
found in 1,3-butadiene, a major ingre
dient in the manufacture of synthetic 
rubber, which can be written C�HG or 
CH�=CH-CH=CH:!. The designation 
"1,3" indicates that the double bonds 
originate at the first and third carbon 
atoms. Some of the properties of the 
biologically more interesting conjugated 
molecules are exhibited by butadiene. 
From the foregoing discussion one might 
expect that the second and third carbon 
atoms in the molecule would be free to 
rotate around the sigma bond connecting 
them. In actuality the rotation is not 
free: all the atoms in butadiene tend to 
lie in a plane. 

It can also be shown that the energy 
content of each double bond in bu
tadiene differs significantly from the en
ergy content of the one double bond in 
the closely related compound I-butene 
(CH�=CH-CH�-CH3). The energy re
leased in changing the two double bonds 
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DELOCALIZED ORBITALS are found in "conjugated" systems: 
molecules in which single and double bonds alternate. The sim· 
plest conjugated molecule is I,3·butadiene (C4HG). If its pi orbitals 
(color) were simply confined to the double bonds, as in ethylene, 
its orbital structure and carbon·carbon distances (in angstrom 

units) would be as shown at the left. Even in the lowest energy 
state, however, the pi electrons tend to spread across the entire 
molecule (right). As a result double bonds are lengthened and the 
single bond is shortened, making each type of bond more like the 
other. As a consequence the entire molecule is planar, or flat. 
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+ 2

H
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1.3,BUTADIENE HYDROGEN 
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H H H H 

BUTANE 3,62 KILOCALORIES 
DIFFERENCE 

EVIDENCE FOR BOND MODIFICATION in a conjugated mole· 
cule can be obtained by measuring the energy released when dou· 
ble bonds are converted to single bonds by adding hydrogen. 
Hydrogenation of the double bond in I.butene, which is not a con· 
jugated molecule, yields 29.49 kilocalories for every mole of reac
tant. A mole is a weight in grams equal to the molecular weight of a 
substance: 56 for butene and 54 for butadiene. Hydrogenation of 

two moles of butene, hence the hydrogenation of twice as many dou· 
ble bonds, would therefore yield 58.98 kilocalories. Hydrogenation 
of the same number of double bonds in butadiene (present in a 
single mole) yields only 55.36 kilocalories. The difference is 3.62 
kilocalories per mole for the two bonds, or 1.81 kilocalories for each 
double bond. The lesser energy in the butadiene double bonds indi
cates that they are more stable than the double bond in I·butene. 

of butadiene into the single bonds of 
butane (CHg-CH2-CHrCH;{) is about 
55,400 calories per mole of butane 
formed. (A mole is a weight in grams 
equal to the molecular weight of the 
molecule: 58 for butane, 54 for buta
diene.) The energy released in convert
ing I-butene, which has only one double 
bond, into butane is about 29,500 cal
ories per mole. When expressed in terms 
of equivalent numbers of double bonds 
hydrogenated, the latter reaction yields 
some 1,800 calories more than the for
mer [see lower illustration above J. The 
greater energy release means that the 
double bond in I-butene is more reactive 
than either of those in 1,3-butadiene. 

The added stability of the bonds in 
1,3-butadiene was not unexpected; the 
same kind of result had been obtained 
for benzene, whose famous ring struc-

ture is formed by six carbon atoms con
nected alternately by single and double 
bonds, One can picture the extra energy 
of stabilization as arising from the tend
ency of electrons in the pi orbitals to leak 
out and become delocalized. Indeed, the 
phenomenon is called delocalization. 
The pi orbitals spread over larger por
tions of conjugated molecules than one 
might have thought, so that the proper
ties of delocalized systems can no longer 
be described in terms of the properties of 
the double and single bonds as they are 
usually drawn. In order to represent the 
pi orbitals of 1,3-butadiene more accu
rately one must stretch them across all 
four carbon atoms of the molecule [see 
upper illustration above J. The stretching 
helps to explain why butadiene is not 
completely free to rotate around the 
central single bond: the bond has some 

of the characteristics of a double bond, 
The altered character of butadiene's 

central carbon-carbon bond has been 
confirmed by X-ray-diffraction stud
ies of butadiene. 'Whereas the usual 
carbon-carbon bond lengths are about 
1.54 angstrom units for a single bond 
and 1.33 angstroms for a double bond, 
the length of the central single bond in 
1,3-butadiene is only 1.47 angstroms. 
(An angstrom is 10,8 centimeter.) Linus 
Pauling, who did much to clarify the 
nature of the chemical bond, has esti
mated that the observed shortening of 
the central carbon-carbon bond of buta
diene implies that it has about 15 percent 
of the double-bond character. One con
sequence of this is that the molecular 
configuration of butadiene tends to re
main planar, or flat. 

The tendency toward planarity in 
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DIBENZYL 

TRANS STILBENE 

H H 
\ / C=C 

H
\ / \ t 
C=C C=C 

/ \, J \ H-C C-H H-C C-H 

\\ II � II C--C C -- C 
/ \ I \ H H H H 

CIS STILBENE 

PREFERENCE FOR FLATNESS in conjugated systems is exhibited by molecules of 
dibenzyl and two isomers of stilbene. The latter have a double bond in the carbon·carbon 
bridge linking the two benzene rings, whereas dibenzyl has a single bond. In dibenzyl the 
two rings are practically at right angles to the plane of the bridge. In trans stilbene all 
the atoms lie essentially in a plane. In cis stilbene, as can be demonstrated with molecu· 
lar models, the two rings interfere with each other and thus cannot lie flat. The twist· 
ing of the rings has been established by X·ray studies of a related compound, cis azoben· 
zene, in which the two rings are joined through a doubly bonded nitrogen (N=N) bridge. 
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conjugated systems was clearly demon
strated by the Scottish X-ray crystallog
rapher J. M. Robertson and his col
leagues in the mid-1930's. They com
pared the configurations of dibenzyl and 
trans stilbene, both of which contain two 
benzene rings joined by two carbon 
atoms [see illustration at left]. The dif
ference between the two molecules is 
that in dibenzyl the two carbons are 
joined by a Single bond, whereas in 
stilbene they are joined by a double 
bond. Robertson showed that the rings in 
dibenzyl are essentially at right angles to 
the connecting carbon-carbon bridge. In 
the trans form of stilbene the rings and 
the bridge lie in a plane, and the single 
bonds that join the rings to the two car
bons in the bridge are foreshortened 
from the normal single-bond length to 
about 1.44 angstroms. In the cis form 
of stilbene the two rings cannot lie in 
a plane because they bump into each 
other. 

Light-sensitive Molecules 

vVe turn now to cis-trans isomerism in 
the family of molecules we have worked 
with most directly, the carotenoids and 
their near relatives, retinal (also known 
as retinene) and vitamin A. These mol
ecules are built up from units of iso
prene, which is like 1,3-butadiene in 
every respect but One: at the second 
carbon of isoprene a methyl group 
(CHa) replaces the hydrogen atom pres
ent in butadiene. Natural rubber is poly
isoprene, a long conjugated chain of 
carbon atoms with a methyl group at
tached to every fourth carbon. 

The compound known as beta-caro
tene, which is responsible for the col
or of carrots, consists of an 18-carbon 
conjugated chain terminated at both 
ends by a six-member carbon ring, each 
of which adds another double bond to 
the conjugated system. The molecule has 
40 carbon atoms in all and is presumably 
assembled from eight isoprene units [see 
illustration on page 72]. 

Until about 15 years ago the cis-trans 
isomers of the carotenoids entered bi
ology in only one rather trivial way: 
in determining the color of tomatoes. 
Laszlo T. Zechmeister and his collab
orators at the California Institute of 
Technology found in the early 1940's 
that normal red tomatoes contain the 
carotenoid lycopene in the all-trans con
figuration. (Lycopene differs from beta
carotene only in that the six carbon 
atoms at each end of the molecule do not 
close to form rings.) The yellow mutant 
known as the tangerine tomato contains 
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Avis. Take Ernie Foote, for example. 
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for a dr iver's test. He passed. Got a Mississippi license. 
And was off in a shiny, new Plymouth. 

Obviously, our people are keeping score. 
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ALL-TRANS LYCOPENE 

TWO NATURAL CAROTENOIDS are examples of highly conjugated systems. Like other 
carotenoids, they are built up from units of isoprene (C5Hs)' also known as 2.methyl buta· 
diene. In these diagrams hydrogen atoms are omitted so that the carbon skeletons can be 
seen more clearly. Both molecules contain 40 carbon atoms and are symmetrical around the 
central carbon·carbon double bond, numbered 15-15'. Beta·carotene gives carrots their 
characteristic orange color. Trans lycopene is responsible for the red color of tomatoes. 

a yellow ClS Isomer of Iycopene called 
prolycopene. Zechmeister, who contrib
uted more than anyone else to our pres
ent understanding of carotenoid chemis
try, liked to demonstrate how a yellow 
solution of prolycopene, extracted from 
tangerine tomatoes, could be converted 
into a brilliant orange solution of all
trans lycopene simply by adding a trace 
of iodine in the presence of a strong light. 

The discovery that the cis-trans isom
erism of a carotenoid plays a crucial role 
in biology was made in the laboratory 
of George Wald of Harvard University, 
where it was found that the cis-trans 
isomerism of retinal is intrinsic to the 
way in which visual pigments react to 
light. The discovery of these pigments 
is usually attributed to the German 
physiologist Franz Boll. 

The Chemistry of Vision 

In 1877, the same year that Kolbe was 
ridiculing van't Hoff's work on stereo
chemistry, Boll noted that a frog's ret
ina, when removed from the eye, was 
initially bright red but bleached as he 
watched it, becoming first yellow and 
finally colorless. Subsequently Boll ob
served that in a live frog the red color 
of the retina could be bleached by a 
strong light and would slowly return if 
the animal was put in a dark chamber. 
Recognizing that the bleachable sub
stance must somehow be connected with 
the frog's ability to perceive light, Boll 
named it "erythropsin" or "Sehrot" (vi
sual red). Before long Willy Kuhne of 
Heidelberg found the red pigment in the 
retinal rod cells of many animals and re
named it "rhodopsin" or "Sehpurpur" 
(visual purple), which it has been called 
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ever since. Kuhne also named the yellow 
product of bleaching "Sehgelb" (visual 
yellow) and the white product "Sehweiss" 
(visual white). 

The chemistry of the rhodopsin sys
tem remained largely descriptive until 
1933, when Wald, then a postdoctoral 
fellow working in Otto Warburg's labo
ratory in Berlin and Paul Karrer's lab
oratory in Zurich, demonstrated that the 
eye contains vitamin A. Wald showed 
that the vitamin appears when rhodopsin 
is bleached by light-the physiological 
process known as light adaptation-and 
disappears when rhodopsin is re
synthesized during dark adaptation 
[see "Night Blindness," by John E. 
Dowling; SCIENTIFIC AMERICAN, Octo
ber, 1966]. He found that rhodopsin 
consists of a colorless protein (later 
named opsin) that carries as its chromo
phore, or color bearer, an unknown yel
low carotenoid that he called retinene. 
Wald went on to show that the bleach
ing of rhodopsin to visual yellow corre
sponds to the liberation of retinene from 
its attachment to opsin, and that the fad
ing of visual yellow to visual white rep
resents the conversion of retinene to 
vitamin A. During dark adaptation rho
dopsin is resynthesized from these pre
cursors. 

The chemical relation between ret
inene and vitamin A was elucidated in 
1944 by R. A. Morton of the University 
of Liverpool. He showed that retinene 
is formed when vitamin A, an alcohol, is 
converted to an aldehyde, a change 
that involves the removal of two atoms 
of hydrogen from the terminal carbon 
atom of the molecule. As a result of 
Morton's finding the name retinene was 
recently changed to retinal. 

In 1952 one of us (Hubbard), then a 
graduate student in Wald's laboratory, 
demonstrated that only the ll-cis iso
mer of retinal can serve as the chromo
ph ore of rhodopsin. This has since been 
confirmed for all the visual pigments 
whose chromophores have been ex
amined. These pigments found in both 
the rod and cone cells of the eye contain 
various opsins, which combine either 
with retinal (strictly speaking retinal I ) or 
with a slightly modified form of retinal 
known as retinal2' One other isomer of 
retinal, the 9-cis isomer, also combines 
with opsins to form light-sensitive pig
ments, but they are readily distinguish
able from the visual pigments in their 
properties and have never been found to 
occur naturally. They have been called 
isopigments. 

In 1959 we showed that the only 
thing light does in vision is to change 
the shape of the retinal chromophore 
by isomerizing it from the ll-cis to the 
all-trans configuration [see illustration 
on page 65]. Everything else-further 
chemical changes, nerve excitation, per
ception of light, behavioral responses
are consequences of this single photo
chemical act. 

The change in the shape of the chro
mophore alters its relation to opsin and 
ushers in a sequence of changes in the 
mutual interactions of the chromophore 
and opsin, which is observed as a se
quence of color changes. In vertebrates 
the all-trans isomer of retinal and opsin 
are incompatible and come apart. In 
some invertebrates, such as the squid, 
the octopus and the lobster, a metasta
ble state is reached in which the all-trans 
chromophore remains bound to opsin. 

Until the structure of opsin is estab
lished there is no way to know just how 
II-cis retinal is bound to the opsin mol
ecule. In the 1950's F. D. Collins, G. A. J. 
Pitt and others in Morton's laboratory 
showed that in cattle rhodopsin the alde
hyde (C=O) group of ll-cis retinal 
forms what is called a Schiff's base 
with an amino (NH2) group in the op
sin molecule. Recently Deric Bownds 
in Wald's laboratory has found that the 
amino group belongs to lysine, one of the 
amino acid units in the opsin molecule, 
and has identified the amino acids in its 
immediate vicinity. There is little doubt 
that ll-cis retinal also has secondary 
points of attachment to opsin; otherwise 
it would be hard to explain why only the 
ll-cis isomer serves as the chromophore 
in visual pigments. Light changes the 
shape of the chromophore and thus alters 
its spatial relation to opsin. This leads, 
in turn, to changes in the shape of the 
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ALL-TRANS VITAMIN A 

ALL-TRANS 

13-CIS 

9,13-0ICIS 

11,13-OICIS 

SIX ISOMERS OF RETINAL are repre
sented in skeleton form below the structure 
of all-trans vitamin A. Hydrogen atoms are 
omitted, except for the H in the hydroxyl 
group of vitamin A. If that H and one other 
on the final carbon are removed, all-trails 
retinal results. This isomer and ll-cis reti
nal, which combines with opsin to form rho· 
dopsin, are the isomers involved in vision. 
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opsin molecule [see lower illustration on 
page 76]. The details of these changes, 
however, are still obscure. 

How Molecules Twist 

Let us examine somewhat more 
closely the various isomers of retinal. 
The six known isomers are illustrated 
at the left: the all-trans isomer and 
five cis isomers of one kind or another. 
Experiments with models, together with 
other evidence, show that four of the six 
isomers are essentially planar. The two 
that are not are the ll-ds isomer and the 
ll,13-dicis isomer. In these isomers 
there is considerable steric hindrance, or 
intramolecular crowding, between the 
hydrogen atom on carbon No. 10 (ClO) 
and the methyl group attached to C1R• 
Thus the double bond that joins Cll and 
Cl� cannot be rotated by 180 degrees 
from the trans to a planar cis configura
tion. In the ll-ds isomers the tail of the 
molecule from Cll through Cli; is there
fore twisted out of the plane formed by 
the rest of the molecule. 

This twisted geometry introduces 
two configurations, called enantiomers, 
that are mirror images of each other; if 
the molecule could be viewed from the 
ring end, one form would be twisted 
to the left and the other to the right. 
It is possible that opsin may combine 
selectively with only one enantiomer. 

As Pauling had predicted in the 
1930's, the steric hindrance that necessi
tates the twist in the ll-ds isomer makes 
it less stable than the all-trans or the 9-
cis and 13-cis forms. We have recently 
found, for example, that the ll-cis form 
contains about 1,500 calories more "free 
energy" per mole than the trans form. 
One has to put in about 25,000 calories 
per mole, however, to rotate the mol
ecule from one form to the other. This 
amount of energy, which is much more 
than a molecule is likely to acquire 
through chance collisions with its neigh
bors, is known as the activation energy: 
the energy required to surmount the 
barrier that separates the cis and trans 
states. 

This raises an important point. How 
can two parts of a molecule be rotated 
around a double bond? The intercon
version of cis and trans isomeric forms to 
another requires gross departures from 
flatness. How can this be accomplished? 

Here we must introduce the concept 
of the excited state. One can think of 
molecules as existing in two kinds of 
state: a "ground," or stable, state of rel
atively low internal energy and vari
ous less stable states of higher energy-

the excited states. Molecules are raised 
from the ground state into one or anoth
er excited state by a sudden influx of 
energy, which can be in the form of 
heat or light. They return to the ground 
state by giving up their excess energy, 
usually as heat but occasionally as light, 
as in fluorescence or phosphorescence. 

The orbital diagrams we have de
scribed apply to molecules in the ground 
state. 'vVhen molecules are in an excited 
state, their electrons have more energy 
and therefore occupy different orbitals. 
Quantum-mechanical calculations show 
that an excited pi electron divides its 
time between the two ends of a double 
bond [see bottom illustration on page 
68]. The net effect is to make the double 
bond in an excited molecule more like a 
single bond and less like a double bond. 
In a conjugated molecule, in which pi 
electrons are already delocalized, the 
changes in bond character are not uni
form throughout the conjugated system 
but depend on the nature of the excita
tion and the structure of the molecule 
that is excited. 

\Vhen one tries to isomerize carot
enoids in the laboratory, it is usually 
helpful to add catalysts such as bromine 
or iodine. (The reader will recall that 
Zechmeister used iodine in his demon
strations.) Heat and light favor the ex
istence of excited states. Bromine and 
iodine probably function by dissociating 
into atomic bromine and iodine, a 
process that is also favored by light. A 
bromine or iodine atom adds fleetingly 
to the double bond and converts it into a 
single bond, which is then momentarily 
free to rotate until the bromine or iodine 
atom has departed. The actual lifetime of 
the singly bonded form can be very brief 
indeed: the time required for one rota
tion around a carbon-carbon single bond 
is only about 10-1� second. 

The Sensitivity of Eyes 

It may seem remarkable that all ani
mal visual systems so far studied de
pend on the photoisomerization of reti
nal for light detection. Three main 
branches of the animal kingdom-the 
mollusks, the arthropods and the verte
brates-have evolved types of eyes that 
differ profoundly in their anatomy. It 
seems that various anatomical (that is, 
optical) arrangements will do; appar
ently the photochemistry, once it had 
evolved, was universally accepted. Pre
sumably the visual pigments of all ani
mals must within narrow limits be equal
ly sensitive to light, otherwise the more 
light-sensitive animals would eventually 
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RHODOPS I N  

/ 
1 1 -CIS RETI N A L  + OPSI N 

i1 
1 1 - CIS V ITAM I N  A + OPS I N  

\ LIGHT � 
ALL- TRANS RETI N A L  + OPS I N  

ALL-TRANS VITA M I N  A + OPSI N 

PHOTO CHEMICAL EVENTS IN VISION involve the protein opsin and isomers of retinal 
and its derivative, vitamin A_ Opsin joined to l l -ds retinal forms rhodopsin_ When struck by 
light, the ll-cis chromophore is converted to an all-trans configuration and subsequently all
trullS retinal becomes detached from opsin_ With the addition of two hydrogen atoms, all-trans 
retinal is converted to all-trans vitamin A_ Within the eye this isomer must be converted 
to ll-cis vitamin A, thence to ll-ds retinal, which recombines with opsin to form rhodopsin. 

replace those whose eyes were less sensi
tive. 

How sensitive to light is the animal 
retina? In a series of experiments con
ducted about 1940 Selig Hecht and his 
collaborators at Columbia University 
showed that the dark-adapted human 
eye will detect a very brief flash of light 
when only five quanta of light are ab
sorbed by five rod cells. From this Hecht 
concluded that a single quantum is 
enough to trigger the discharge of a dark
adapted rod cell in the retina. 

It is therefore essen tial tha t the 
quantum efficiency of the initial photo
chemical event be close to unity. In oth-

1 1 1 1 1 1 1  L I G HT 

1 1 - CIS 

C H R O M O P H O R E  

2 

er words, virtually every quantum of 
light absorbed by a molecule of rhodop
sin must isomerize the lI-cis chromo
phore to the all-trans configuration. It 
was shown many years ago by the Brit
ish workers H. J. A. Dartnall, C. F. 
Goodeve and R. J- Lythgoe that an ab
sorbed quantum has about a 60 percent 
chance of bleaching frog rhodopsin. One 
of us (Kropf) has found a similar quan
tum efficiency for the isomerization of 
the lI-cis retinal chromophore of cattle 
rhodopsin. Our work also shows that 1 1-
cis retinal is more photosensitive than 
either the 9-cis or the all-trans isomers 
when they are attached as chromophores 

3 

A L L - TRANS 

to opsin, and this may be the reason why 
the geometrically hindered and there
fore comparatively unstable lI-cis iso
mer has evolved into the chromophore of 
the visual pigments. 

We have also recently measured the 
quantum efficiency of the photo is om
erization of retinal and several closely 
related carotenoids in solution. Retinal 
turns out to be considerably more photo
sensitive than any of them and nearly as 
photosensitive as rhodopsin. 

Although all animal eyes seem to 
employ lI-cis retinal as their light
sensitive agent, there are slight varia
tions in the opsins that combine with 
retinal, just as there are variations in 
other proteins, such as hemoglobin, 
from species to species. Within the next 
few years we may learn the complete 
amino acid sequence of one of the opsins, 
and thereafter we should be able to com
pare such sequences for two or more 
species. It may be many years, however, 
before X-ray crystallographers have es
tablished the complete three-dimension
al structure of an opsin molecule and are 
able to describe the site that binds it to 
retinal. One can conjecture that the 
binding site will be quite similar in the 
various opsins, even those from animals 
of different phyla, but there may be 
surprises in store. vVhatever the precise 
details, it is clear that evolution has 
produced a remarkably efficient system 
for translating the absorption of light 
into the language of biochemistry-a 
language whose vocabulary and syntax 
are built on the various ways proteins 
interact with one another and with small
er molecules in their environment. 

4 

MOLECULAR EVENTS IN VISION can be inferred from the 
known changes in the configuration of ll-cis retinal after the ab
sorption of light. In these schematic diagrams the twisted isomer is 
shown attached to its binding site in the much larger protein mole-

cule of opsin (1 ) - After absorbing light the ll-cis chromophore 
straightens into the all-trans isomer ( 2 ) .  Presumably a change in 
the shape of opsin ( 3 )  facilitates the release of all-trans retinal ( 4 ) .  
The configuration of the binding site in opsin is not yet known_ 
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H e bra i c  coins from a bout  1 00 AD. 2X magn if icat ion for cata log i l l u stra t i o n .  

entry and has an enlarged, mistake-proof copy in 1 5  seconds. This 
becomes the master reference for ordering the 
catalog cards when the book arrives. 

This common sense use of the CU-5 camera 
has saved her as much as 1 0  minutes per book 
in needless drudgery . In  larger l ibraries, 
where the orders pile up, it' l l  save days. 

And it doesn 't matter i f  the l ibrarian 
knows her ifi 's from her Q.i 's. 

Polaroid CU-5 Land ""'0.4 ........ "' ... 
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INVISIBLE BEAM of infrared radiation from a pulsed liquid 

laser (inside box at left) was made visible for this photograph by 

first passing it through a crystal of potassium dihydrogen phos· 

phate (inside mounting at center), which halved the wavelength of 

the beam from 10,550 angstrom units (infrared) to 5,275 angstroms 

(green). Since the green beam was still highly collimated and di· 

rected only to the right, it could not be recorded directly by the 

camera. A shallow trough containing water and a few drops of milk 

was therefore placed in the path of the beam; light scattered from 

the particles of milk in suspension was then visible to the camera. 

The green color in the trough represents the accumulated effect of 

15 separate bursts of light, spaced about two minutes apart. A burst 

consists of several pulses, each lasting between 20 and 50 nanosec· 

onds (billionths of a second). The photograph was made at the Gen· 

eral Telephone & Electronics Laboratories. A photograph of the 

entire optical bench appears at the top of the following two pages. 
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LIQUID LASERS 

There are a nun1ber of advantages to be gained from uSIng a liquid 

as the active medium in a laser rather than a solid or a gas. Such 

devices may soon become competitive with more conventional lasers 

by Alexander Lempicki and Harold Samelson 

A 
few years ago the laser could be 
aptly characterized as a solution 
in search of a problem. This situ

ation is in the process of changing 
rapidly as new applications of lasers are 
announced almost daily in various areas 
of science, technology and medicine. All 
this activity has generated a growing 
demand for lasers with greater power, 
efficiency and stability. The lasers cur
rently in use have as their active medi
UlTIS either gases or solids, and a major 
part of the effort to overcome the defi
ciencies of existing laser systems has 
been devoted to the search for new gases 
and solids to serve as laser materials. 
This article concerns another approach 
altogether: the use of a liquid as the ac
tive medium in a laser. 

One of the most important character
istics of a laser medium, and one that 
strictly limits its performance, is its de
gree of optical perfection, or freedom 
from local irregularities. Most gas sys
tems have a high degree of optical per
fection, simply because the density of 
the gas is uniform and at low pressures 
the refractive index (the tendency to 
bend a light beam) of the gas is not sen
sitive to changes in temperature. In con
densed systems-solids and liquids-a 
high degree of optical perfection is more 
difficult to attain. Crystals and glasses 
are usually formed at high temperatures 
and require considerable effort and ex
pense to be freed of the many "frozen 
in" imperfections that can lower their 
optical performance. 

Liquids, of course, are not subject to 
such defects. On the other hand, liquids 
are particularly prone to large changes 
in refractive index brought about by 
changes in temperature. By circulating 
a liquid, however, one can effectively 
eliminate such temperature gradients 
and hence any associated variations in 

refractive index. Circulation entails no 
loss of optical quality due to variations 
in density, since liquids are incompres
sible. Furthermore, in very-high-power 
lasers, solids tend to crack or shatter, 
whereas liquids naturally do not. Final
ly, the cost of a solid-state laser rises 
rapidly with its size, which is limited in 
any case by the method of fabrication. 
No such inherent limitation exists for 
liquid lasers. 

All these advantages of the liquid 
, medium are somewhat offset by the fact 

that liquids generally have a much larg
er coefficient of expansion than solids do. 
Although this property can cause prob
lems, they are not insurmountable. 
From these preliminary considerations 
alone liquid lasers would appear to be 
worthy of serious consideration. Recent 
findings have brightened this promising 
picture, suggesting that liquid lasers 
may soon become competitive in many 
areas with solid-state lasers. 

The theoretical foundation for the 
laser was laid by Albert Einstein, 

who perceived in 1917 that an excited 
atom or molecule can emit a photon, or 
quantum of light, by either of two mech
anisms. In the first process photons are 
emitted in the absence of any external 
perturbation. This process, called spon
taneous emission, has a probability of 
occurrence that is characterized by a 
definite lifetime. In the second process a 
photon emitted spontaneously from an 
atom or a molecule can trigger another 
excited atom or molecule to emit its 
photon prematurely. This process, called 
stimulated emission, has a probability 
that is dependent on the density of the 
photons. If the density of the excited 
atoms and photons is high enough, the 
stimulated-emission process will pre
dominate, and laser action will result. 

(The word "laser" is an acronym for 
"light amplification by stimulated emis
sion of radiation.") 

For laser action to occur one must 
first achieve a "population inversion," 
that is, the higher, or excited, states of 
the atoms or molecules must be more 
densely populated by electrons than the 
lower, or terminal, states are; otherwise 
the absorption of photons by unexcited 
atoms will prevent the dominance of the 
stimulated-emission process. In addition 
it is always helpful and usually neces
sary to enclose the laser medium in a 
structure that prevents the photons from 
leaving the scene of the action too soon. 
This can be accomplished by a pair of 
mirrors, one of which is slightly trans
missive to allow the extraction of the 
stimulated emission to the outside world, 
where it can be studied or put to use. 

Laser radiation is characterized by 
three main properties: the waves are 
coherent (all in step), highly monochro
matic (all with the same wavelength) 
and capable of being propagated over 
long distances in the form of well-colli
mated beams. Since laser action is initi
ated by a spontaneous process, the spon
taneous lifetime cannot be too long lest 
the reaction "breed" too slowly. Fur
thermore, the conversion of absorbed 
excitation energy to emitted light en
ergy must be reasonably high. Because 
the "avalanche" of electrons from ex
cited states to terminal states will start 
only when enough photons are avail
able, it is important that photons not be 
absorbed by impurities or scattered by 
optical imperfections in the medium. In 
other words, the optical losses of the 
material must be small. 

These general requirements for the on
set of laser action were first formu

lated and expressed in a compact mathe-
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LIQUID LASER AND ASSOCIATED COMPONENTS rest on an 

optical bench consisting of a slab of granite four feet long. The 

wide glass tube containing the active liquid (a solution of neo

dymium ions in selenium oxychloride) can be seen through the 

open door of the box. The tube is surrounded by three narrower 

tubes containing xenon, which are used to excite the ions in the 

liquid. When the laser is in operation, the door is closed in order 

to shield the experimenters from the intense white light produced 

by the xenon flash tubes. The small fan at the back of the box helps 

to cool the laser. Just to the left of the box is a mirror that reflects 

matical equation in 1958 by Arthur L. 
Schawlow and Charles H. Townes, then 
respectively at the Bell Telephone Labo
ratories and Columbia University [see 
"Optical Masers," by Arthur L. Schaw
low; SCIENTIFIC AMERICAN, June, 
1961]. Given the characteristics of the 
laser system (the width of its band of 
wavelengths and the lifetime of the emis
sion, as well as the optical losses), the 
Schawlow-Townes equation predicts 
what minimum population inversion 
must be reached before anything spec
tacular is likely to happen. The knowl
edge of this minimum-inversion thresh
old is extremely important, because it is 
this factor that determines the minimum 
number of active atoms or molecules per 
unit volume needed for laser action; if 
the concentration of active particles is 
less than the minimum inversion thresh
old, nothing will happen, regardless of 
the other factors. The minimum-inver
sion factor is also used to determine how 
much one has to excite a laser medium in 
order to bring it to the point where the 
avalanche of electrons can start feeding 
on itself. Beyond this threshold stimulat
ed emission takes over, and all the emit
ting atoms respond together to the elec
tromagnetic field bouncing between the 
mirrors. 

Schawlow and Townes thus estab
lished the criteria a luminescent system 

82 

must satisfy to be considered a potential 
laser material. First, the emitted light 
should be confined to a few bands of the 
spectrum, the ideal case being a single 
narrow band, or line, of high intensity. 
If the band is too broad, the photons 
within the laser cavity would be spread 
over a wide range of energies and would 
therefore be less effective in stimulating 
emission. Second, the conversion effi
ciency of the material must be high. For 
example, if the excited atoms do not 
generate enough photons and instead 
dissipate their energy in the form of 
heat, the avalanche process will never 
start. Finally, the necessity of keeping 
the loss of photons to a minimum re
quires both a high degree of optical per
fection in the laser material and a good 
alignment of the reflecting mirrors. 

I-I0w does one excite a laser medium? 
There are several possible ways, de

pending on the structure of the laser 
and the properties of the active medium. 
A gas laser or a solid-state laser can be 
excited by passing an electric current 
through it, by bombarding it with elec
trons or by illuminating it. Although 
there is no fundamental reason why any 
of these methods could not be used with 
a suitable liquid, only the last method, 
called optical pumping, has been em
ployed so far. In this method the active 

particles are pumped from their 
"ground" state to an excited state by the 
absorption of light. The most suitable 
pumping light may differ from material 
to material, but xenon flash lamps, 
which emit white radiation, have been 
widely employed for optically pumped 

MIRROR 

XENON FLASH TUBES (white) are used 

to "pump" electrons in the active liquid 

(color) from lower to higher energy states. 
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the escaping laser beam back into the active 

medium. Just to the right of the box is the 

apparatus that was used to make the photo

graph on page 80. At the far right is a pho

todetector for studying the laser radiation. 

pulsed lasers. Continuously emitting 
lasers, on the other hand, have utilized a 
variety of pumping sources, including in
candescent tungsten filament lamps and 
mercury or xenon arc lamps. The liquids 
studied by our group at the General Tel
ephone & Electronics Laboratories have 

all been optically pumped by a conven
tional xenon flash source. 

In trying to devise a liquid laser me
dium one must first survey materials 
that show luminescence in the liquid 
form. In the early days of lasers organic 
materials were preferred, largely be
cause luminescence is a rather common 
phenomenon in the organic domain. 
Some early reports of success were later 
shown to be premature, and the achieve
ment of stimulated emission from or
ganic systems proved to be far more 
difficult than had been anticipated. In 
fact, operation of a purely organic laser 
was first reported only last year by 
Peter Sorokin and John Lankard of the 
International Business Machines Corpo
ration. Their laser has a number of novel 
properties and will be subject to much 
further research. In its present form it re
quires the use of extremely intense, short 
pulses of exciting radiation, which can be 
obtained only from "giant pulse" ruby 
lasers or from flash tubes used in con
junction with specialized circuitry. These 
organic lasers operate in a pulsed mode 
and have a potentially high repetition 
rate. The output consists of a short burst 
of radiation with a high peak power. Al
though this class of liquid lasers is very 
interesting, there are special problems 
and properties that set it apart from 
other kinds of lasers. In this article we 
are concerned primarily with liquid 
lasers whose characteristics more closely 
parallel those of solid-state devices. 

Outside the organic domain liquid 

LASER CELL 

CAPACITOR 

luminescence is not a particularly com
mon phenomenon. In the search for 
a liquid laser it was therefore natu
ral to take a cue from the materials 
used in the solid state. In most of these 
lasers the active atoms (those that par
ticipate in the emission process) are dis
persed in a host substance, which is 
either a crystal lattice or a glassy frame
work. In liquids the counterparts would 
be the active solute and the host solvent. 
In solid systems the active components 
have most commonly been the lantha
nide, or rare-earth, ions and certain metal 
ions. The electrons responsible for the 
optical properties of the rare-earth ions 
are situated deep within the ion's elec
tron cloud and are usually well shielded 
from external perturbing influences. 

It is just this property that gives 
rise to the characteristically sharp line 
emission of such ions and accounts 
for their success in laser applications. 
It is quite natural, therefore, to con
sider their use in liquids. '-\Then intro
duced into solution as "free" ions (in 
the form, say, of a rare-earth halide 
dissolved in water), however, their 
fluorescence effiCiency is very low. The 
agitation of the solvent molecules is 
too much even for the shielded elec
trons, and the absorbed energy is dis
Sipated as heat rather than emitted as 
photons. In order to use these materials 
it is necessary to find some way to 
make this non radiative diSSipation of 
energy noncompetitive with the radia
tive path. For the rare-earth ions this 

LASER BEAM 

When an electron retu rns spontaneously to the lower state, the pho

ton of light it emits can trigger another electron to emit its photon 

prematurely, setting off tbe "avalanche" process that characterizes 

laser action. Expansion volumes protect the laser against damage 

caused by the thermal shock wave generated in the liquid by the 

flash. Flash tubes are connected in series to a capacitor (bottom). 
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CHELATE CAGE consisting of eight oxygen atoms (colored balls) shields the active rare
earth ion (black ball at center) from the agitation of the solvent molecules (not shown) in 
one class of liquid-laser materials. In this particular orgauic molecule the oxygens are ar· 
ranged in the form of an antiprism (colored lines). Each of the organic groups, called lig
ands, is bonded to the central rare-earth ion by two oxygen atoms, which together with 
three carbon atoms (gray balls) constitute the basic ligand chain. The groups designated 
Rl and R;! are further organic components of the ligands; in the benzoylacetonate mole
cule Rl is a benzene ring (CuH,) and R;! is a methyl group (CHa), whereas in the benzoyl
trifluoroacetonate molecule Rl is a benzene ring and R2 is a trifluoromethyl group (CF3). 

"SOLVATION SHELL," consisting of an array of inorganic solvent molecules (color), forms 
around a "free" rare-earth ion (black) in solution, effectively isolating it from interactions 
with the solvent. The solvent molecules are represented schematically here as simple 
elongated electric dipoles. The best liquid-laser material of this general type discovered to 
date is a solution of trivalent neodymium ions (Nd+3) in selenium oxychloride (SeOC12). 
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can be accomplished by incorporating 
the ion into a cagelike molecule that 
provides additional shielding, or by 
giving the solvent a special structure. 
These two approaches to the problem of 
energy dissipation have led to two dif
ferent classes of liquid lasers. 

A number of cagelike structures are 
known to chemists; in one type, 

called a chelate, the rare-earth ion ex
hibits intense fluorescence with a com
paratively sharp line spectrum. In a 
chelate molecule (the name is derived 
from the Greek word meaning claw) 
the rare-earth ion is bonded to a num
ber of organic groups called ligands. 
The particular ligands that are effective 
with rare-earth ions have two points of 
bonding and are called bidentate. Typi
cal among such ligands are the ben
zoylacetonate group (CH3-CO-CH
CO-CUHil)- and the benzoyltrifluoro
acetonate group (CFg-CO-CH-CO
CuH;;) - . Each of these ligands is bonded 
to the rare-earth ion by two carbonyl 
(CO) groups. In the completed structure 
the ion is surrounded by the ligand oxy
gens, with the remainder of the organic 
structure providing further isolation 
from the solvent. 

The most effective of these com
pounds contain four bidentate ligands, 
making a cage of eight oxygens in the 
immediate vicinity of the rare-earth 
ion. The total number of atoms in such 
a complex can eaSily exceed 100. An 
important feature of the structure is 
that the oxygens are placed in well
defined positions forming a polyhedron 
around the central ion. Several such 
structures are possible and have been 
identified; a typical one is shown in 
the top illustration at the left. The sig
nificant point here is the similarity be
tween the immediate surroundings of 
the rare-earth ion in a chelate molecule 
and the situation in some crystal lat
tices. Although the bulky molecule in
teracts with the solvent, the central 
ion is principally "aware" of the oxygen 
cage and in some ways behaves as if 
it were in a crystal lattice. 

It would be misleading, however, to 
disregard the organic structure beyond 
the oxygens. In fact, it can and fre
quently does play a major role in pro
moting laser action. Each ligand can 
be regarded as an organic molecule 
with its own electronic structure and 
energy levels. Although organic mole
cules have vastly different geometries, 
sizes and structures, their energy-level 
structure is generally similar. A com
mon characteristic is that these mole-
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cules readily absorb radiation, usually 
in the blue or ultraviolet region of the 
spectrum. Electrons raised to an ex
cited "singlet" state by this absorption 
can return to the ground state directly; 
this gives rise to a short-lived organic 
fluorescence [see illustration below J. On 
the other hand, the electron may make an 
internal transition to a long-lived meta
stable state, called the "triplet" state, 
and then return to the ground state. This 
emISSIOn is called phosphorescence. 
Which path is ultimately dominant de
pends on the structure of the molecule, 
its surroundings and the temperature. 

In particular, when the molecule hap
pens to form a ligand to a rare-earth 
ion, the path involving the metastable 
triplet is strongly favored. Furthermore, 
in such a chelate structure the elec
tron in the triplet state, instead of re
turning to the ground state radiatively, 
may transfer its energy to the rare
earth ion. For this to occur there must 

be a close match in energy between the 
ligand triplet state and the excited ion 
state, with the former being somewhat 
higher. Such an energy transfer can 
be extremely efficient and result in 
a greatly improved chance of exciting 
the rare-earth ion. Photons in the pump
ing source that would not be absorbed 
by the rare-earth ion itself can now be 
usefully employed. The pumping bands 
of a chelate complex are very much 
wider than those for the free rare-earth 
ion. Thus the decrease in nonradiative 
loss, achieved by the shielding effect 
of the ligand, and the improved pump
ing resulting from the energy transfer 
from the ligand greatly facilitate the 
attainment of population inversion. 

The first liquid laser, based on a 
chelate structure, was successfully 

operated by our group at General Tele
phone & Electronics in January, 1963. 
The active component was a europium 

ORGANIC MOLECULE 

ion at the center of a cage consisting of 
four benzoylacetonate ligands. The sol
vent was a mixture of ethyl and methyl 
alcohols. These solutions have the prop
erty of becoming more viscous as the 
temperature is lowered. At -160 de
grees centigrade, a convenient operating 
temperature for the laser, the solution is 
quite viscous, somewhat like thick honey, 
and the optical quality is excellent. Al
though laser action can be achieved 
only at low temperatures with this par
ticular chelate, the results demonstrated 
that laser action can take place in a 
liquid and that the speculations in
volved in evaluating the merits of the 
chelates were correct. With a sufficient
ly intense pulse of excitation from the 
flash tube, the beam of red light emitted 
at a wavelength of 6,131 angstrom units 
indeed had all the properties attributa
ble to solid-state lasers. These proper
ties include high spectral purity, beam 
collimation and the characteristic "spik-
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are arranged in such a way as to favor the internal transition of 

electrons from the first excited "singlet" state of the ligands (le/t) 

to a long-lived metastable "triplet" state (center), from which they 

can be transferred to a closely matched excited state of the rare
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organic molecule directly from the singlet state are responsible for 

organic fluorescence; those that return to the ground state directly 

from the triplet state account for the characteristic emission called 

phosphorescence. The energy transfer from the organic molecule to 

the active rare-earth ion greatly facilitates the attainment of the 

"population inversion" required for the onset of laser action_ 
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a 

EXPANSION VOLUME 

MIRROR 

COOLANT 

MIRROR 

MIRROR 

TYPICAL LIQUID·LASER CELLS have undergone several modifications in design. Cell a 
was used in early chelate lasers, which operated only at very low temperatures. Since the 
chelate liquid contracts considerably wben it is cooled, it was necessary to devise some 
structure tbat would keep tbe mirrors in aligmr.ent during tbe contraction. Tbis was accom· 
plished by outfitting the cell with two close·fitting quartz pistons whose opposed interior 
faces were optically ground and polished. Drawn inward by surface tension, the pistons fol· 
lowed the contracting liquid, maintaining their alignment. Cell b is similar to the one in· 
stalled in the inorganic liqnid laser sbown on pages 82 and 83. The bulbs serve as expansion 
volnmes and are also used for filling the cell. Cell c is surrounded by a glass jacket through 
which a cooling liquid is circulated. Cell d is a recent demountable version of b. In b, c and 
d the mirrors can be either evaporated on the end windows of the cell or placed outside. 
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ing," or pulsation, of the output as 
a function of time [see illustration on 
op posite page]. 

There are many possibilities for con
structing such chelate complexes and 
many different solvent combinations 
that can be used. Indeed, after the first 
demonstration of a successful chelate 
laser a number of other systems were 
introduced. A major problem was to 
find a chelate that retained its fluores
cent intensity and structural integrity at 
higher temperatures, ideally at room 
temperature. Such a chelate, it was dis
covered, is formed by the ligand ben
zoyltrifluoroacetonate and the solvent 
acetonitrile. Trivalent (triply ionized) 
europium formed a complex with this 
ligand, and when it was dissolved in 
this solvent, it· constituted a chelate 
laser capable of operating at room tem
perature. 

�l the chelate lasers discussed so far 
use ligands that belong to the gen

eral class designated as beta-diketone, 
in which the carbonyl group is prin
cipally responsible for the interesting 
spectroscopic and energy-transfer prop
erties of the ligands. The singlet ab
sorption of this group is so intense, 
however, that the exciting radiation is 
absorbed within a few tenths of a milli
meter after entering the solution. This 
places a very serious limitation on the 
performance of a chelate laser; only a 
small amount of the material is involved 
in the laser action, and the energy and 
power outputs are much smaller than 
those of the more conventional solid
state lasers. Thus the use of beta-dike
tone chelate cages, although it is effec
tive in achieving the first liquid laser, 
ultimately limits this device as a practi
cal system. 

To find a way out of the dilemma we 
were obliged to go back and seek another 
way to isolate the ion and prevent the 
nonradiative losses. This involved giving 
up the energy-transfer property of the 
beta-diketone ligands. This sacrifice 
would be fatal for a rare-earth ion with 
weak pumping bands of its own, such as 
europium, but it is of small consequence 
to other rare-earth ions, such as neo
dymium, which is known to "lase" in 
many solid materials without assistance 
from energy transfer. 

Following this line of reasoning, 
Adam Heller of our group succeeded in 
constructing neodymium chelate com
plexes free of the absorption limitation 
and giving rise to laser action. In these 
chelates, however, the nonradiative 
losses are still large enough to limit the 
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CHARACTERISTIC "SPIKING," or pulsation, of the output of a 
pulsed laser as a function of time can be observed in tbis oscillo-

scope trace produced by a chelate liquid laser. The active medium 
was a europium-benzoylacetonate chelate in an alcohol solution. 

performance of the resulting laser. Ma
jor advances therefore depended on a 
still greater reduction of these losses. 
To show how this was achieved we 
return to the more fundamental prob
lem of the luminescence of the "free" 
ion in solution. 

We have mentioned briefly that es-
sentially "free" ions display rather 

weak luminescence, if it is detectable at 
all. The key word in this context is 
"free," and one must understand the 
sense in which we use the word. In che
lates the ions are definitely bonded to the 
ligands. In solvents such as water the 
"free" ion is surrounded by solvent 
molecules that form a "solvation shell" 
[see bottom illustration on page 84]. 
The resulting complex is not essentially 
different from a chelate, inasmuch as it 
can have considerable stability and a 
well-defined geometry. The low effi
ciency of luminescence in such systems 
(for instance neodymium ions solvated 
by water) must therefore be attributed 
to a deactivation of the ion by the 
solvation shell. Instead of radiating as 
photons the excitation energy of the ion 
is somehow dissipated into heat, or
what is synonymous-into vibrational 
motions of the shell and outlying sol
vent molecules. 

A detailed study of this process led 
Heller to understand how the nonradia
tive loss could be controlled and mini
mized. The interchange of energy be-

tween the ion and the solvent can be 
pictured as a disappearance of a single 
large quantum of electronic energy lo
calized on the ion and a simultaneous ap
pearance of a number of smaller vibra
tional quanta localized somewhere in 
the solvation shell or beyond. The prob
ability of such nonradiative losses de
pends on the number of the vibrational 
quanta that must be created and de
creases rapidly as this number increases. 
This effect can be demonstrated by 
substituting deuterium oxide, or heavy 
water, for ordinary water. Because of 
the increase of mass the vibrational 
quantum of energy associated with the 
deuterium-oxygen bonds is lowered and 
more quanta must be excited to deacti
vate the ion. The result is a definite 
increase in luminescent yield. 

The energy of the vibration is pri
marily determined by the lightest atom 
in the bonding group. It occurred to 
Heller that nonradiative losses could be 
prevented by the use of solvents having 
no hydrogen or deuterium atoms at all. 
This requirement alone seriously limits 
the number of choices; it eliminates vir
tually all organic solvents. Further re
quirements are even more restrictive: 
the solvent must be transparent to the 
emission wavelength and should be 
transparent to most of the pumping 
radiation. In addition the solvent must 
have a high dielectric constant in order 
to dissolve sufficient amounts of the 
active ionic compounds. 

The liquid selenium oxychloride 
(SeOCI2) has met all these require
ments. In its pure form it is a nearly 
colorless, highly toxic liquid with a den
sity comparable to that of glass, a low 
refractive index and a high dielectric 
constant. By itself it is capable of dis
solving only limited amounts of sub
stances such as neodymium oxide and 
neodymium chloride. The solubility of 
these substances can, however, be 
greatly increased by adding such com
pounds as tin tetrachloride (SnCI4) or 
antimony pentachloride (SbCU. Mix
tures of these compounds with seleni
um oxychloride form very strong aprotic 
acids (acids that do not contain pro
tons, or hydrogen ions); these acids can 
then chemically react with the neo
dymium compound. In the dissolution 
of neodymium oxide the highly polar 
selenium oxychloride molecules pre
sumably form a solvation shell around 
the trivalent neo�ymium ion. Since the 
vibrational energy is inversely propor
tional to the square root of the mass, 
and since the lightest atom in the sys
tem is oxygen (16 times heavier than 
hydrogen), the vibrational energies are 
likely to be about four times lower than 
in hydrogen-containing solvents. 

In this system the ion is effectively 
isolated from interactions with the sol
vent, and the nonradiative dissipation 
of its electronic excitation energy is 
greatly reduced. Early observations in
deed showed that trivalent neodymium 
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1. Drop in film cartridge. 

2. Set focusing dial to approximate t 

distance from subject. 

Point. 

1. Turn zoom-lens knob until 
subject is size you want. 

Shoot. 

Congrat 
mastere 

© 1967 SCIENTIFIC AMERICAN, INC



Now if we can make our $250' price 
tag easy for you to grasp, you'll rush 
right out and buy a point-and-shoot 
Bolex. Right? Right. 

Okay, here goes. There's balance, 
for example. The point-and-shoot 
Bolex is so perfectly weighted, it'll feel 
like an extension of your arm. 

And film loading. We made it easy 
enough to do one-handed. 

And viewing. Our exclusive straight
through-the-Iens viewing lets you see 
exactly what you're shooting, framed 
and lit just the way it will appear on 
your screen. 

Speaking of lenses, the Bolex zoom 
lens lets you forget you can never 
remember anything about f stops. It 
also lets you forget you used to take 
pretty fuzzy pictures. 

If you want to impress your camera
bug friends, just memorize f/1.9, 3V2 
to 1 zooming range, from 8.5 to 30mm, 
with 16 different elements in it and 
fully automatic through-the-Iens ex
posure control with manual override. 

If not, just concentrate on pointing 
a n d  s h o o t i n g. The c a m e r a  d o e s  
everything else. Our electric motor 
eliminates winding. Our indicators 
automatically tell you when you're out 
of film, if you forgot to put film in, how 
strong your batteries are, and whether 
there's enough light or too much light. 

Speaking of light, you can also buy 
our quartz-iodine movie light which 
automatically pushes the outdoor 
filter aside when you turn it on. 

One more thing before you rush out 
to buy the point-and-shoot Bolex. Ask 
your dealer to show you our two easy
to-operate Super 8 projectors. 

Our SM-8 sound projector can have 
you adding sound to your film in less 
than 10 minutes. Our 18-5 silent pro
jector can have you projecting your 
film faultlessly in no time. 

Okay, now you can rush. 

E30LEX 
Paillard. Inc .. 1900 Lower Rd .. Linden. N.J. 07036. 

'Established price in fair trade states. 
Subject to change wi.thout notice. 

in selenium oxychloride exhibits an ex
tremely intense fluorescence. The prin
cipal line emission of this ion, which 
occurs at 10,550 angstroms in the in
frared region of the spectrum, was 
shown at room temperature to exceed 
in intensity even the line emissions 
found in high-quality laser crystals and 
glasses. The width of the spectral line 
in this fluorescence is significantly 
broader than the lines observed in crys
tals but narrower than those in glasses. 
Perhaps even more important, the ab
sorption bands used for optical pumping 
are broader than the absorption bands of 
crystals and comparable to the bands of 
glasses. 

The remarkable spectroscopic prop
erties of the material indicated that it 
could be incorporated into a compara
tively simple laser cell. This proved to 
be the case: the solution contained in a 
simple Pyrex glass tube crudely sealed 
at both ends showed the characteristic 
laser spiking [see illustration on next 
page J. An input energy of only 30 joules 
to the flash tube was required to attain 
the threshold of laser action. No mir
rors were necessary because total inter
nal reflection (due to the fact that the 
solution has a higher index of refraction 
than glass) trapped enough radiation 
for laser action to result. 

A laser cell with no mirrors has a 
limited usefulness because the stim

ulated radiation leaks out of the cell in 
all directions and does not form a col
limated beam. To achieve such a beam 
one must use precision-made cells with 
properly aligned mirrors. The perform
ance of a number of six-inch cells with 
a quarter-inch inside diameter was eval
uated and found to be quite compara
ble to the performance of commercial 
glass laser rods of similar dimensions. 
Output energies of several joules per 
pulse are readily obtainable; the peak 
power of individual spikes reaches 10 to 
20 megawatts. Furthermore, the spectral 
output is far purer than those character
istic of glass lasers. This performance is 
particularly impressive if one compares 

SPECTRAL OUTPUT characteristic of laser 
action is graphically illustrated by these two 
curves, one of which shows the fluorescence 
spectrum of a chelate laser just below the 
threshold for laser action (black), where
as the other shows the spectrum just 
above the threshold (color). The spectral 
output of the laser suddenly shrinks to a 
narrow, intense line at 6,131 angstroms. 

>
r-
Vi 
z w 
r
z 

6.160 6.150 6.140 6.130 6.120 
WAVELENGTH (ANGSTROM UNITS) 
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More than just a telescope ... 
More than just a microscop,,_-____ 

Emoskop: 
a complete 
vestpocket 
optical 
system. 

We went to Wetzler, Germany (world capital of fine 
optics) to find such perfection at such 0 price. Re
move the EM OSKOP from its fitted leather case 
and it is a 30-power microscope. A twist of the wrist 
converts it to a 2.5-power telescope (ideal for the
ater, field and sky) or a unique 2.Sx telescope-Ioupe. 
Another twist and you have a choice of magnifying 
glosses: 5·, 10-, or IS-powers! 0 The perfect vest
pocket companion for exacting professionals and 
scientists, and all those who wish to observe any
thing more closely and clearly. 0 A most discreet 
opera glass. ,D If you make a fetish of quality, the 
EMOSKOP will do you proud. Five coated lenses, 
fully achromatic, absolutely flot field. 0 Modern 
Photography Magazine calls the EMOSKOP " ... the 
only magnifier worthy of the name." 0 Haverhill's 
guarantees your satisfaction without qualification, 

----- INSTANT ORDER BLANK ----

I Mail to: HAVERHill'S I 
I 526 Washington St., San Francisco, Calif. 94111 I 
I Send me ___ Emoskop Optical System(s) @,$14.95' I 
I 0 I enclose check or M.O. plus $1.00 for post. and ins. I 
I 0 Bill Diners'; 0 Bill Amer. Expr. Acct. # I 
I '(California residents add 4 % sales tax) I I NAME I 
I ADDRESS I 
I ZIP ___ I 

L_-©!;6-;-tUaverhills _":A:J 
Searching the �·!orld to bring you the Finest 
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1. There are three numbered statements in this box. 
2. Two of these numbered statements are not true. 
3. The avenge increase in La. scores of those who 

learn to play WFF 'N PROOF is more than 20 pOints. 

I •• tatement No.3 true? 
A NEW DIMENSION IN EDUCATIONAL GAMES 

WFF 'N PROOF: The GAME of 
MODERN LOGIC $6.00 (plus 
$.50 postage and handling) 
EQUATIONS: The GAME of CRE
ATIVE MATHEMATICS $3.00 
(plus $.50 postage and handling) 
ON-SETS: The GAME of SET 
THEORY $4.00 (plus $.50 post
age and handling) 

by Professor layman E Allen 

--::-;:O��W-:::--)T �e'
Conn , 

Plea,e ,end me .. · · · · · ·  .. .. . .. WFF 'N PROOF 
ON-SETS .. ......... EQUATIONS 

I enclose S and understand 
thot if I am not completely satisfied, I 
con return the games in 10 days for a full 
refund of the purchase price, 

Nome . ... 
Addr .. , 

. Stote . . ... Zip .. 

SIMPLEST TYPE of liquid.laser cell consists of a Pyrex tube with its ends flame·sealed to 

minimize reflection (top). Laser action takes place in the absence of the usual end mirrors, 

as shown by the characteristic spiking on the oscilloscope trace of the laser's output (bot· 

tom). The laser cell is filled with a solution of neodymium ions in selenium oxychloride. 

it with that of the chelate laser, whose 
output and effiCiency are respectively at 
least 1,000 and 10,000 times lower. 

From this result it appears that a 
liquid medium with nearly ideal fluores
cence properties has finally been found. 
This, however, completes only the first 
part of the task. Among the many prob
lems that remain the foremost is the 
problem of the thermal expansion co
efficient of liquids, which is about 1,000 
times larger than it is in solids. A 
thermal shock wave generated in the 
medium by the flash can lead to disas
trous consequences for the cell. The 
simple expedient of providing volumes 
for expansion at both ends is effective, 
but better deSigns are being developed. 
Heating of the liquid caused by the 
exciting flash is also accompanied by a 
change of refractive index, which dis-

torts the path of the rays and thereby 
leads to losses in the cavity. Here cir
culation of the liquid may prove to be 
of great importance, particularly for 
lasers that are operated continuously or 
at high pulse rates. 

It is in the class of "free" ion liquid 
lasers that the advantages and disad
vantages of the liquid state in laser 
technology are most likely to receive a 
critical test. The achievement of con
tinuous operation and high-energy, 
high-power pulsed operation appears to 
be only a matter of time. Liquid lasers 
have thus reached a stage of develop
ment at which they promise to be com
petitive with the more conventional 
lasers. In short, a new way has been 
found; now the whole technology of 
using the liquid medium and exploiting 
its advantages must be developed. 
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TYPE BB I/e WATT MIL TYPE RC O S  

TYPE C B  1 /4  WATT MIL TYPE RC 07 

TYPE E B  1/2 WATT M I L  TYPE RC 20 

TYPE GB I WATT M I L  TYPE RC 3 2  

TYPE H B  2 WATTS M I L  TYPE RC 4 2  

HOT MOLDED FIXED RESISTORS a re avai lable i n  a l l  
sta n d a rd E I A  a n d  M I L· R· l l  resistance val ues a n d  toler· 
a nces, p l u s  va lu e s a bove a n d  below sta n d a rd l i m its. 
S h own actual size . 

T h e  n e e d  f o r  a y e a r l y  

p r o d u c t i o n  c a p a c i ty o f  

wel l  over a b i l l ion u n its i s  

a test i m o n i a l  to t h e  u n i 

form ity and rel iabi l ity of al l  

Al l e n - B ra d ley hot m o l d e d  

resi sto rs . 
Type N hot molded adjusta ble fixed 
resi stor rated '/3 watt at  50°C a m b i e nt. 
Avai lable with nominal  resi sta nce val; 

ues from 100 o h m s  to 2 . 5  mego h m s  
with tolera nces o f  ± 1 0 %  a n d  ± 20%. 

• "Why have Allen-Bradley hot molded resistors been 
our first choice since the late 1 940's? In a word : Relia
bility ! "  states Philbrick- the leading manufacturer of 
operational amplifiers . There's nothing accidental about 
this superiority of A-B resistors . A unique hot mold
ing process using completely automatic machines, elim
inates the " human element" and produces such uniformity 
from one resistor to the next- year in and year out
that long resistor performance can be accurately pre
dicted.  No instance of "catastrophic failures" has ever 
come to our attention .  

366·5A9 

Allen-Bradley Type N adj ustable fixed resistors like
wise use a solid hot molded resistance track. Adj ustment 
is so smooth, it  approaches infinite resolution- and set
tings remain fixed . Being noninductive, Type N controls 
can be used at high frequency, where wire-wound units 
would be completely unsatisfactory. 

For more details on the full line of Allen-Bradley 
quality electronic components, please write for Publica
tion 6024 : Allen-Bradley Co . ,  1 204 S .  Third Street, 
Milwaukee, Wis . 5 3204.  Export Office : 630 Third Ave . ,  
New York, N . Y . ,  U . S . A .  1 0 0 1 7 .  

ALLE N - B RA D LEY 
Q U A L ITY E L E C T R O N I C  C O M P O N E N T S  

9 1  
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Want to free 
you r  computer for computi ng ? 

Come to Kodak.  

A s  information technology becomes more of a sci

ence, it becomes obvious that using a comp uter for 

i n f o r m a t i o n  r e t r i e v a l  c a n  p r o v e  rather c o stly. 

B etter to keep it busy computing. Kodak has a sys

tem that can complement your computer ( or go it 

alone ) . . .  one that can retrieve information faster 

a n d  at a s m a l l  f r a c t i o n  of t h e  c o s t .  C a l l e d  t h e  

RECORDAK MIRACODE System , th i s  photographic 

memory system on microfilm can retrieve data by 

9 2  

any index technique-alpha, numeric, boundary con

dition, you name it. Press a few keys, it runs through 

thousands of microfilm images . . .  displays the one 

you are looking for . . .  even gives you a paper print 

- a l l  i n  s e c o n d s .  F o r  deta i l s ,  c o n t a c t : E a st m a n  

Kodak Company, Business Systems Markets Divi

sion, Dept. PP-6, Rochester, N .  Y. 14650.  
URecordak" and HMiracode" a r e  trademarks of Eastman Kodak Company. 

�1?�C[]PIJIl� Microfi lm Systems by Kodak 
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Geological Subsidence 

In many parts of the world the pumping of oil, gas or water out 

of the ground has caused the land to sink. Where oil or gas are 

involved the subsidence can be forestalled by pumping in water 

by Sullivan S. Marsden, Jr., and Stanley N. Davis 

M
ankind levels hills, changes the 

courses of rivers and converts 
marshes into dry land, but his 

alterations of the landscape rarely ap
proach the large-scale geological opera
tions of nature itself. In the 20th cen
tury, however, some of man's activities 
quite unintentionally have begun to pro
duce geological effects of an extensive 

and alarming character. One of the most 
far-reaching is geological subsidence, or 
sinking of lands, that results from tap
ping the earth for water and petroleum. 

The phenomenon was first noticed in 
Texas in the early 1920's. At the edge of 
Galveston Bay an area of several square 
miles subsided by three feet or more, 
cracks appeared in the ground and the 

Gaillard Peninsula sank below the sur
face of the bay. The cause was not diffi
cult to discover: the affected area was 
above the Goose Creek oil field, where 
many millions of barrels of petroleum 
were rapidly being drawn from the un
derlying strata. 

The Goose Creek subsidence was only 
a small sample of events that were to 

SUBSIDENCE OF LAND formed a depression around municipal 

buildings in Long Beach, Calif. Because of the subsidence the area 

acted as a catchment basin for rainwater, which had to be pumped 

out. The sinking resulted from the withdrawal of fluids from an 

oil field under the city. Long Beach has now repaired the damage 

with fill and halted subsidence with subsurface injections of water. 
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follow elsewhere. The most dramatic 
and damaging effects became apparent 
at Long Beach, Calif., in the 1940's and 
1950's. Above the extremely active Wil
mington oil field in that area (then the 
third largest field in the U.S.) the ground 
sank until it had become a bowl up to 26 
feet deep over an area of 22 square miles. 
The slow subsidence of the land ruined 
buildings, cracked city pavements, twist
ed railroad tracks, wrecked bridges, 
sheared off oil wells and did extensive 
damage to a power plant and the Long 
Beach Naval Shipyard; all told it pro
duced damage amounting to upward of 
$100 million. 

Long Beach is an example of subsid
ence concentrated in a comparatively 
small area; there are other places where 
the sinking affects a large region. The 
largest areas of land subsidence known 
are in California's San Joaquin Valley. 
Three such areas have been found 
there, one covering about 1,400 square 
miles, another 800 square miles and the 
third 300 square miles. They are the re
sult of four decades of intensive pump
ing of underground water for irrigation 
in the valley. The ground in these areas 
is now sinking at rates of up to a foot 
per year, and in some places the land 

has fallen to more than 20 feet below its 
former level. 

Pockets and regions of subsidence at
tributable to the same basic cause (with
drawal of fluid from underground pools) 
'are now known to be widespread over 
the earth. They have bec'ome trouble'
some in Mexico City and Tokyo, in the 
oil fields of Venezuela and in many other 
populated places. Las Vegas, Los Ange
les, Houston and London are among the 
well-known cities that have detected 
evidence of land sinking in recent years. 
There is reason to believe that subsid
ence is far more common around the 
world than is generally realized; no 
doubt it goes unreported in many places 
where the sinking so far has done no 
damage. 

S ince subsidence is obviously a grow-
ing problem, becoming intensified as 

man draws more and more deeply on the 
stocks of water and fossil fuels below 
the earth's surface, it behooves us to ex
amine its causes in detail and to institute 
measures of prevention. There are ways 
to forestall or arrest the sinking of the 
land; they have been applied at Long 
Beach and elsewhere. The entire matter 
is now being studied by petroleum en-

gineers, hydrologists, geophysicists and 
other specialists. 

The liquid or gas tapped by a well is 
generally drawn from a stratum of po
rous rock whose pores are filled with the 
fluid under pressure. If the rock is well 
consolidated (that is, if its grains are 
well cemented together), it will usually 
continue to support the weight of the 
rock-and-earth overburden after the 
fluid is withdrawn. If, however, the fluid
holding rock is a poorly consolidated, 
easily molded sandstone, once the sup
porting pressure of the fluid has been 
withdrawn from its pores the pressure 
of the overburden compacts the rock, 
and the ground above subsides by the 
amount by which the rock is compressed. 
Other factors besides the mechanical 
strength of the fluid-containing rock may 
play a part in determining whether or 
not subsidence will occur after the with
drawal of fluid. Subsidence is more likely 
if soft, clayey material (which is easily 
compacted) is present in or next to the 
fluid stratum. 

' 

As the first step toward controlling 
subsidence it is essential, of course, to 
detect its occurrence as early as possible 
and to locate the strata where compac
tion is taking place. This is not an easy 

GEOLOGICAL SITUATION in an area of subsidence caused by 

removal of oil shows an oil·containing stratum (black) lying above 

a stratum containing water (color). Subsidence can occur when oil 

is withdrawn if any strata that contain oil are readily compacted. 
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matter; special techniques have had to 
be devised in order to obtain accurate 
measurements of what is happening be
low the earth's surface. 

There is a simple method of watching 
for subsidence at the surface. Firmly 
anchored posts ("bench marks") are set 
out in a grid pattern over a wide area, 
and their relative positions and eleva
tions are examined from time to time 
with surveying instruments. Any change 
in the elevation or contour of the land 
will then be revealed by shifts in the 
marker configuration. This method, how
ever, merely indicates the degree of the 
subsidence; to investigate its causes one 
must measure phenomena in the subsur
face. 

Several techniques have been used to 
detect and measure the shrinking or col
lapse of underground strata. One is to 
lower a firing mechanism into a well and 
shoot bullets of radioactive material into' 
the rock at measured intervals down 
the hole. With these markers in place 
a gamma ray detector is periodically 
lowered into the well on a cable to de
termine if the distances between the 
radioactive markers have changed; a les
sening of the distance between two bul
lets indicates that the stratum containing 
the bullets has become compacted. 

Other, more precise methods are em
ployed to obtain accurate measurements 
of the amount of compaction. Some of 
these depend on measurement of the 
vertical compression of the steel-pipe 
casing that lines a well. If the casing is 
cemented to the rock surrounding the 
well, vertical compression of the rock 
will shorten the pipe lengths. The 
shortening can be measured by marking 
the pipe with radioactive pellets em
bedded at intervals along its length. Or it 
can be measured by means of a mag
netic device. The casing consists of a 
string of 30- or 40-foot "joints" (pipe 
lengths). At the collar joining two pipe 
lengths the magnetic flux is different 
from the flux along the length of the pipe. 
Consequently a magnetometer can lo
cate the successive collars and thus pro
vide an accurate measurement of any 
shortening of individual pipe lengths. 
The method can detect a shortening of 
as little as half an inch in a 40-foot joint. 

Still another technique, which has 
been employed for some time by· the 
U.S. Geological Survey, furnishes a con
tinuous record of subsidence. It is based 
on the use of a cable reaching from the 
surface to a weight anchored deep un
derground; the cable is free to move at 
its upper end and provides a remarkably 
precise measurement of any compaction 

-
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CLA Y·RICH ZONES in or around the strata that yield oil, gas or water can be the source of 

considerable subsidence. Before the withdrawal of fluid (left) clay particles are kept sepa· 

rated by the fluid and by the pressure applied to it by the overlying land. When fluid is 

withdrawn (right), a claylike soil is more likely than most others to undergo compaction. 

POORLY CONSOLIDATED ROCKS also can lead to subsidence when fluid is withdrawn, 

although the subsidence will be less because the rock is stronger than clay. In such rock the 

individual grains are weakly held together and will be compressed by additional pressure. 

WELL·CONSOLIDATED ROCKS, in which individual grains are held together strongly, 

retain their structure even if fluid or gas is removed and give rise to little or no subsidence. 

95 

© 1967 SCIENTIFIC AMERICAN, INC



OVERBURDEN 

LONG BEACH SITUATION indicates why subsidence there has 

caused extensive damage. A region of the city that includes a naval 

shipyard, a plant generating electricity and several other large 

installations lies above a highly productive oil field. The geological 

strata under the city include several fault zones, such as those 
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bounding sections I through VI. Hence the withdrawal of oil has 

led to subsidence, the extent of which is shown in feet on the ellip· 

tical lines. To counteract the subsidence the city and the oil com· 

panies have started injection of seawater to replace oil that is with· 

drawn. The open circles show the location of the injection wells. 
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that takes place between the fixed an
chor and the surface [see illustration on 
next page]. The record is so sensitive that 
when amplified it can reveal a subsid
ence as small as a tenth of a millimeter. 
Applied in several wells at various 
depths in a given area, it can provide a 
rather detailed picture of the compac
tion at specific levels. 

Our group at Stanford University has 
recently developed devices that make it 
possible to obtain very accurate mea
surements of distortions of the surface 
soil that take place above active oil fields 
or underground water reservoirs that are 
being pumped. Employing floats, quartz 
rods and transducers, the instruments 
measure vertical and horizontal strains 
and tilts of the land. They can measure 
ground movements of less than a tenth 
of a micron. 

What can be done to avoid or control 
subsidence? Let us consider particu

lar cases. 
The Wilmington oil field in the Long 

Beach area was discovered in 1936. By 
1951 it was still producing 140,000 bar
rels of oil per day, and in addition con
siderable amounts of salt water were 
being drained from the underground 
strata. The affected land was sinking at 
the rate of two feet per year in some 
parts of the field and, as we have noted, 
by 1957 it had formed a depressed bowl 
that in one place was 26 feet deep. In 
the downtown area of Long Beach the 
subsidence amounted to two to six feet. 
Since much of the area on which the city 
and its surroundings had been built was 
filled-in tideland, standing only a few 
feet above sea level, the subsidence be
came a major threat to the entire commu
nity and its structures, including the 
Naval Shipyard, harbor improvements, 
roads, railroads, power lines, buildings 
and so on. Dikes had to be erected, land 
filled and bridges and buildings raised, 
repaired or rebuilt. As the cost of the 
damage mounted (reaching a total of 
$90 million by 1957 and threatening to 
become much more), the U.S. Depart
ment of Justice sought an injunction to 
shut down the oil field and filed suit to 
compel the city, the state and the oil 
producers to pay for the damages. 

Something had to be done to arrest 
the land subsidence. The oil companies 
decided to try the device of flooding the 
depleted oil-bearing strata with sea
water. This tactic is commonly used in 
oil fields to obtain secondary recovery 
of oil: the pumping of water under pres
sure into rocks from which oil is no 
longer flowing often serves to drive much 
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RECORD OF SUBSIDENCE in Long Beach is charted. By 1957 the city's expenditures for 

repairs of facilities damaged by subsidence had reached $90 million. The program to coun

teract subsidence by injections of water to increase underground pressures began in 1953. 

of the remammg oil out through the 
original wells. For various reasons ear
lier attempts to apply the method had 
not worked well in California oil fields. 
A test in the Wilmington field now 
showed, however, that it could be used 
successfully there; indeed, that it could 
more than double the output of a given 
pool. 

The Wilmington waterflooding project 
became the largest of its kind in the 
world. The necessary legislation was en
acted; engineering studies were made; 
financing was arranged; the companies 
joined in a cooperative agreement for 
unitization of the field, and extensive in
stallations were built. The installations 
include nine major brine plants that 
pump filtered seawater at pressures of 
1,500 to 2,000 pounds per square inch 
through pipelines to several hundred in
jection wells that deliver the water to 
the oil-sand strata. These wells now in
ject more than half a million barrels of 
brine per day and soon will be increased 
to a delivery capacity of more than a 
million barrels. 

The waterflooding accomplished two 
objectives: (1) it reduced the land sub
sidence to a steadily decreasing rate and 
(2) it raised the field's oil production, 
which had been declining, to something 
like 100,000 barrels per day. What is 
more, it has produced another large div
idend for the oil companies. The off
shore areas in the Pacific near Long 

Beach are known to be rich in oil sands. 
Because of the fear of subsidence the 
voters of Long Beach had refused to 
lease offshore drilling rights to tap this 
oil. The success of the waterflooding 
program, however, induced the city to 
approve such leases, on condition that 
the water-injection method would be 
employed from the beginning to pre
vent subsidence. Groups of oil com
panies began to drill offshore several 
months ago, and by the end of this year 
the tapping of the new area is expect
ed to make Wilmington the No. 1 oil
producing field in the U.S. 

Japan offers two other interesting ex
amples of land subsidence. Compared 

with Japan's great natural hazards
typhoons, volcanoes and earthquakes
subsidence is a relatively minor problem, 
but it does cause serious concern and has 
already resulted in substantial damage. 

The city of Niigata, on the northwest
ern shore of Honshu, the main island, is 
underlain by a large deposit of natural 
gas. The gas is dissolved in salt water in 
the underground strata, and since its sol
ubility in water is rather low, large quan
tities of water must be taken from the 
strata to obtain a substantial amount of 
the gas. Because Japan's fuel resources 
are scarce, the gas field at Niigata was 
actively exploited after World War II, in 
spite of the comparatively high cost of 
producing its useful methane. By 1961 
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COUNTERWEIGHT 
(150-200 POUNDS) 

WELL CASING _____ 

ANCHOR CABLE 

ANCHOR WEI GHT 
(200-300 POUNDS) 

COMPACTION RECORDER keeps track of subsidence. Compaction of ground above the 

anchor weight causes the support frame (top) to sink. The large and small counterweights 

attached to the frame keep the cables under tension as the frame sinks. The smaller counter

weight drives a recording pen, which is independently driven horizontally to record time. 
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the tapping of this field had produced an 
alarming amount of subsidence, as the 
strata containing the brine and gas con
sist of poorly consolidated rock. Parts of 
the city had sunk to below sea level. 

The city built dikes and drastically 
limited the production of gas; for vari
ous reasons reinjection of water was not 
practicable. Then in 1964 the city was 
struck by a major earthquake, which 
breached the dikes and resulted in severe 
flooding of the area of subsidence. An
other result was an abrupt land subsid
ence, amounting to a foot or more, in 
parts of the city. The physical effect was 
something like the one produced when a 
container of sand is hit sharply: the blow 
causes the sand grains to settle into 
a more compact arrangement, and the 
earthquake shock similarly compacted 
the loose material in the subsurface. 
Conspicuous signs of the sudden subsid
ence were visible in Niigata after the 
quake: well casings were left sticking a 
foot or so above the ground, some at a 
tilted angle. Ironically enough, most of 
the damage from the sudden land col
lapse was to the pipelines of the gas
producing system! 

In the Koto ward of Tokyo, an area in 
the northeastern section of the city, it 
was noticed some years ago that the land 
was sinking around building foundations 
and the wellhead equipment of water 
wells. These wells draw water from shal
low strata of loose, clay like material; 
since the building foundations and well 
pipes are anchored in rock that lies be
low the tapped strata, the settling of the 
latter strata made it appear that the 
buildings and pipes were rising out of 
the ground. The subsidence, progressing 
at the rate of about six inches per year, 
affected an area of about 40 square 
miles, and by 1961 some 15 square miles 
had sunk below sea level. Dikes had to 
be built along the northern edge of To
kyo Bay and the Sumida and Arakawa 
rivers to prevent this section of the city 
from being flooded. A threat of catas
trophe hangs over the area, however, be
cause it could well be inundated by a 
flooding typhoon or by a tidal wave fol
lowing a strong earthquake. 

The arid San Joaquin Valley of Cali-
fornia is so dependent on under

ground water that it accounts for about 
20 percent of all the well water pumped 
in the u.S. Most of its wells tap deep 
water-bearing zones consisting of sand 
and coarse silt. As we have noted, the 
removal of water over the past four dec
ades has produced three large areas of 
subsidence in the valley, the most exten-
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sive of which is in western Fresno Coun
ty between the city of Los Banos and 
Kettleman City. Studies by the U.S. 
Geological Survey have shown that land 
subsidence is closely correlated with 
lowering of the water level in wells. It 
has been found, through sensitive mea
surements, that the land will begin to 
sink within a few minutes after water is 
pumped from wells and that the sinking 
stops when the pumping is halted. As a 
general rule the amount of land subsid
ence in such areas is on the order of one 
foot for every 20 to 30 feet of lowering 
of the water level in the wells. In the San 
Joaquin Valley the water levels in wells 
have fallen by at least 50 feet, and in 
some areas by more than 400 feet, in the 
past 40 years. Because of the continuous 
subsidence topographical maps in the 
valley have had to be revised repeatedly. 

Land subsidence in the valley has 
been costly in damage to the wells them-

selves, because the well casings are usu
ally destroyed. Each well represents 
an investment of $10,000 to $30,000 or 
more, and it is estimated that more than 
$1 million a year is lost in well destruc
tion caused by subsidence. The most 
costly problem created by subsidence, 
howevel" is not well failure but the ef
fects on irrigation canals. The agricul
tural productivity of the San Joaquin 
Valley depends on a network of large 
canals, which is continually being ex
panded. The slope of these canal beds 
is ordinarily only three-tenths of a foot 
per mile, and a slight tilting due to land 
subsidence can therefore stop or reverse 
the gravity flow of water. It then be
comes necessary to raise the water level 
to drive the water through the canals; 
this requires the raising of the walls of 
the canals, which in turn necessitates the 
raising or reconstructing of bridges, pipe
line crossings and other structures. The 

canals now being built are designed with 
walls high enough to allow for future 
subsidence. 

In parts of the San Joaquin Valley, as 
in many other regions of the world, cer
tain natural causes contribute to land 
subsidence. One of these is the presence 
of highly organic soil-muck or peat-at 
the surface. As this soil dries out and be
comes oxidized, it gradually shrinks. In 
the northern part of the San Joaquin Val
ley the subsidence of such lands has been 
so substantial that they are now more 
than 10 feet below sea level and must be 
protected by dikes. Another condition 
that leads to land subsidence is the ex
istence of certain soils that have a high 
porosity. In these soils, which are com
monly derived from mudflows, the indi
vidual grains are held together with a 
dry clay film that prevents them from 
consolidating. When such a soil becomes 
saturated with water, however, the clay 
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ELECTRICAL RECORDER 
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I �<�-------------------------- 3 METERS --------------------------�>�! 

STRAIN RECORDER is also used to detect ground movements 

related to subsidence. The left end of the quartz rod is fixed; the 

right end is free to move horizontally. The micrometer adjustment, 

fastened to the rod, touches the transducer, which measures the 

relative movement of the free end of the rod. Short·term horizontal 

strains of less than .1 micron can be measured with the apparatus. 

�------20 METERS OR MORE--------3>I 
ELECTRICAL RECORDER 

TILTMETER records changes in ground elevation. The relative 

elevation of the liquid in the two containers is measured by the 

floats and transducers. The air line and the liquid line keep the 

pressures of air and liquid in the two containers equal. The appa· 

ratus can measure elevation changes of less than .1 micron. Re· 

corders for the transducers and for temperature are not depicted. 
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Lockheed 
information systems 

hold the answer to a 
challenging career 

At Lockheed, the young and vital 
field of Information has created the 
industry's broadest range of out
standing opportunities. Scientific 
computing, satellite tracking, real
time data processing, hospital, 
educational, business, and govern
mental administrative information 
systems offer a unique opportunity 
for a varied and fulfilling career. 0 
To accomplish its highly diversi
fied assignments Lockheed main
tains a centralized data processing 
f a c ili t y-o n e  o f  t h e  l a r g e st 
computer centers in the country. 0 
Scientific computing at Lockheed 
plays many important and varied 
roles in Flight Mechanics, Trajec
tories, Thermodynamics, Elec
tronics, Propulsion, Structures, 
Flight Technology, Hydrodynam
ics, Navigation Guidance and 
Control, and other vital fields. 0 
Lockheed has developed a new 
p rocess for handling hospital 
records. And it leads the way in 
state-wide information systems. 
o Engineers and scientists are in
vited to write the Professional 
Placement Manager, P.O. Box 504. 
Sunnyvale, California. Lockheed 
is an equal opportunity employer. 

LOCKHEED 
MISSILES .. SPACE COMPANY 
A GROUP DIVISION 0"- LOCK.HEED """'ReRA" CORPORATION 
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W ATER·INJECTION TECHNIQUE, carried out in a region geologically similar to the 

one in the illustration on page 94, can prevent or deter subsidence. Once subsidence has 

occurred, however, injection of water (color) will not significantly raise the subsided land. 

loses strength and the soil structure col
lapses. Unusually heavy rains or water 
leaking into the soil from canals and 
pipelines may therefore bring about a 
dramatic collapse of the land. In some 
areas along the western edge of the San 
Joaquin Valley porous soil of this type 
extends down to depths of 150 feet, and 
subsidence of as much as 20 feet has 
been observed. Since an immense new 
irrigation canal is being built through 
these areas, the builders are taking the 
precaution of saturating and settling the 
soil before they lay the concrete lining 
of the canal. 

In London the withdrawal of under
ground water by means of wells has pro
duced noticeable subsidence in sections 
of the city. In Mexico City some areas 
have suffered subsidence at the rate of 
more than a foot per year, and the pump
ing of underground water in the central 
part of the city is now prohibited. In 
Houston troublesome cracks, attributed 
to land subsidence, have appeared in 
various parts of the city, including the 
runways of the principal airport. In some 
cases the vertical difference between one 
side of a crack and the other is several 
inches. 

In Los Angeles the disastrous breakup 
of the Baldwin Hills reservoir dam in 

1963, which caused a flood that cost five 
lives and $15 million in damage, is be
lieved by some people to have been 
caused by a crack in the ground that 
originated from land subsidence. Los 
Angeles, by the way, is now applying the 
lesson learned at Long Beach. The city 
is allowing exploitation of oil fields that 
underlie its downtown areas, but it is re
quiring the oil companies to inject water 
into these fields as they withdraw the oil. 

�nd subsidence is a highly complex 
problem. Much has been learned 

from the investigations of emergency sit
uations, where expensive damage has al
ready occurred or has been found to be 
imminent. We need to find out a great 
deal more, however, particularly with 
regard to means of predicting the exact 
location, extent and duration of subsid
ence from a given pattern of pumping 
subsurface fluids. The problem calls not 
only for expanded field measurements 
but also-and perhaps even more im
portant-investigations by means of con
trolled, small-scale experiments. These 
efforts will yield faster answers by tele
scoping the time scale and will provide 
accurate quantitative information about 
the variables involved in land subsid
ence. 
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With 
AMOCO I PA 

on the job . . .  

let yourself go! 

Take off. Let your imagination soar. Think of some tough new 
applications that call for strength, durability, impact resistance. 
Like the polyesters in the hood of this snowmobile. They're 
made with AMOCO IPA (lsophthalic Acid). There are many 
other important properties of IPA polyesters you'll want to 
remember: their resistance to cracking and crazing; their resist
ance to chemicals, gasoline and soapy water; their high tensile 
strength. AMOCO IPA is really going places. All the way from 
golf carts, bowling balls, surfboards, and serving trays to 
storage tanks and tank liners for chemicals and petroleum. 
Ask your resin supplier about AMOCO IPA. Or write Deport
ment 8847, Amoco Chemicals Corporation, 130 East Randolph 
Drive, Chicago, Illinois 60601. 
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Best safety material 
ever invented. 

Ensolite absorbs shocks, it insulates and it floats. Wrestling mat and head guards are made with Ensolite as well as: 
mattress, insulated clothing and boots; shoulder, hip and knee pads; life jacket; racing helmet and "floating" coat. 
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Uniroyal blends rubber with 
plastic in an expanded product 
called Ensolite which provides 
almost twice the protection 
of the best foam rubber. 

Statistics on highway injuries and fatalities have 
been widely published. Not so well known are the 
number of people hurt in sporting events, in swim
ming and boating, in other outdoor activities and 
even in the home. 

Every year, more than 6,000 Americans drown. 
About 12,000 are killed by falls in the home. And a 
countless number of people are injured. 

Uniroyal feels that if more people knew about 
products like Ensolite some of these deaths and 
injuries could be avoided. 

The shock absorbent properties of Ensolite are 
almost unbelievable. In a demonstration in the ro
tunda of the state capitol at Denver, four eggs were 
dropped from a height of 115 feet onto a one-inch
thick sheet of Ensolite without breaking. 

The eggs were calculated to have reached a speed 
of 55 miles per hour at the moment of impact. Not 
only were the shells not cracked, the yokes of three 
of the eggs were intact. 

Ensolite is Uniroyal's registered tradename for its 
patented blend of nitrile rubber and PVC plastic. 

Unlike most shock absorbent material, Ensolite is 
"unicellular." That is, it consists of many tiny closed 
cells wh ich are fi lied with nitrogen. (Open cell materia I 
has interconnected cells which collapse readily upon 
impact with rapid buildup of G forces.) 

Another advantage of the closed cell structu re of 
Ensolite is that it will not absorb air or water. This 
makes it ideal for both insulation and flotation. 

A life jacket made with Ensolite is safer than one 
made with kapok. If the outer covering is cut or torn, 
a kapok-filled jacket will readily absorb water while 
Ensolite will not. 

Many manufacturers are now using Ensolite in 
spite of the fact that it's often more expensive than 
other shock-absorbent materials. Maybe you'll never 

Foam rubber. 

NIROYA 

The new worldwide 
name of U.S. Rubber 

Ensolite. 

Contrary to expectations, the softer foam rubber is not as 
shock absorbent as the stiffer Ensolite. A 16·lb. bowling ball 
dropped three feet onto two inches of material builds up 
51 G's of force with foam rubber, only 29 G's with Ensolite. 

be able to use Ensolite in a product you're working 
on, but for your own safety you ought to look for it 
when you buy products like the ones shown here. 

If you have an idea for using Ensolite, we'd like to 
hear from you. 

Write to: Uniroyal, Technical Advisory Service, 
1230 Avenue of theAmericas, New York, N.Y. 10020. 

We think we can help you. We're an inventive 
company and we have almost 1500 patents to prove it. 

Uniroyal holds more patents 
than any other rubber company. 
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BUTTERFLY EGGS (top) stand upright on a leaf of clover, the 

egg-laying site selected by the gravid female_ Clover is the food 

plant preferred by this species: Colias philodice, the clouded 

sulphur. After hatching (bottom), growing clouded sulphur larvae 

feed on the plant preselected for them by the parent. When they 

metamorphose, they too will seek out clover as an egg-laying site. 

© 1967 SCIENTIFIC AMERICAN, INC



BUTIERFLIES AND PLANTS 

The hungry larvae of butterflies are selective in choosing the plants 

they eat. This reflects the fact that the evolution of both plants and 

the aninlals that feed on them is a counterpoint of attack and defense 

A
yone who has been close to nature 

or has wandered about in the 
nonurban areas of the earth is 

aware that animal life sometimes raises 
havoc with plant life. Familiar examples 
are the sudden defoliation of forests by 
hordes of caterpillars or swarms of lo
custs and the less abrupt but nonetheless 
thorough denudation of large areas by 
grazing animals. A visitor to the Wankie 
National Park of Rhodesia can see a par
ticularly spectacular scene of herbivore 
devastation. There herds of elephants 
have thinned the forest over hundreds 
of square miles and left a litter of fall
en trees as if a hurricane had passed 
through. 

Raids such as these are rare, and the 
fertile regions of the earth manage to 
remain rather green. This leads most 
people, including many biologists, to un
derestimate the importance of the peren
nial onslaught of animals on plants. De
tailed studies of the matter in recent 
years have shown that herbivores are a 
major factor in determining the evolu
tion and distribution of plants, and the 
plants in turn play an important part in 
shaping the behavior and evolution of 
herbivores. 

The influence of herbivores on plants 
is usually far from obvious, even when it 
is most profound. In Australia huge areas 
in Queensland used to be infested with 
the spiny prickly-pear cactus, which 
covered thousands of square miles of the 
area and made it unusable for grazing 
herds. Today the plant is rare in these 
areas. It was all but wiped out by the in
troduction of a cactus moth from South 
America, which interestingly enough is 
now hardly in evidence. When one 
searches scattered remaining clumps of 
the cactus, one usually fails to find any 
sign of the insect. The plant survives 
only as a fugitive species; as soon as a 

by Paul R. Ehrlich and Peter H. Raven 

clump of the cactus is discovered by the 
moth it is devoured, and the population 
of moths that has flourished on it then 
dies away. A similar situation is found in 
the Fiji Islands. There a plant pest of the 
genus Clidemia was largely destroyed by 
a species of thrips brought in from tropi
cal America, and the parasitic insect, as 
well as the plant, has now become rare 
in Fiji. 

The interplay of plant and animal pop-
ulations takes many forms-some di

rect, some indirect, some obvious, some 
obscure. In California the live oak is dis
appearing from many areas because 
cattle graze on the young seedlings. In 
Australia a native pine that was deci
mated by rabbits has made a dramatic 
comeback since the rabbit population 
was brought under control by the myxo
matosis virus. Australia also furnishes 
a striking example of how the evolution 
of a plant can be influenced by the pres
ence or absence of certain animals. The 
plant involved is the well-known acacia. 
In Africa and tropical America, where 
grazing mammals abound, the acacia 
species are protected by thorns that are 
often fearsomely developed. Until re
cently there were comparatively few 
grazing mammals in Australia, and most 
of the acacia plants there are thornless, 
apparently having lost these weapons of 
their relatives on other continents. 

By far the most important terrestrial 
herbivores are, of course, the insects. 
They have evolved remarkably efficient 
organs for eating plants: a great variety 
of mouthparts with which to pierce, 
suck or chew plant material. They eat 
leaves from the outside and the inside, 
bore through stems and roots and de
vour flowers, fruits and seeds. In view of 
the abundance, variety and appetites of 
the insects, one may well wonder how it 

is that any plants are left on the earth. 
The answer, of course, is that the plants 
have not taken the onslaught of the 
herbivores lying down. Some of their 
defenses are quite obvious: the sharp 
spines of the cactus, the sharp-toothed 
leaves of the holly plant, the toxins of 
poison ivy and the oleander leaf, the 
odors and pungent tastes of spices. The 
effectiveness of these weapons against 
animal predators has been demonstrated 
by laboratory experiments. For example, 
it has been shown that certain leaf-edge
eating caterpillars normally do not feed 
on holly leaves but will devour the 
leaves when the sharp points are cut 
away. 

The plant world's main line of de
fense consists in chemical weapons. 
Very widespread among the plants are 
certain chemicals that apparently per
form no physiological function for the 
plants themselves but do act as potent 
insecticides or insect repellents. Among 
these are alkaloids, quinones, essential 
oils, glycosides, flavonoids and raphides 
(crystals of calcium oxalate). Long be
fore man learned to synthesize insecti
cides he found that an extract from 
chrysanthemums, pyrethrin, which is 
harmless to mammals, is a powerful kill
er of insects. 

Particularly interesting are the alka
loids, a heterogeneous group of nitrog
enous compounds found mainly in 
flowering plants. They include nicotine, 
caffeine, quinine, marijuana, opium and 
peyote. Considering the hallucinogenic 
properties of the last three drugs, it is 
amusing to speculate that the plants 
bearing them may practice "chemopsy
chological warfare" against their ene
mies! Does an insect that has fed on a 
fungus containing lysergiC acid diethyl
amide (LSD) mistake a spider for its 
mate? Does a zebra that has eaten a 
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ALKALOIDS give the plants that contain them protection from 

predators; nine such. plants are illustrated. The authors note that 

plant alkaloids can disturb a herbivore's physiology and that 

hallucinogenic alkaloids may be "chemopsychological" weapons. 
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plant rich in alkaloids become so intoxi
cated that it loses its fear of lions? At all 
events, there is good reason to believe 
eating plant alkaloids produces a pro
found disturbance of animals' physi
ology. 

O f all the herbivores, the group whose 
eating habits have been studied 

most intensively is the butterflies-that 
is to say, butterflies in the larval, or 
caterpillar, stage, which constitutes the 
major part of a butterfly's lifetime. 
Around the world upward of 15,000 
species of butterflies, divided taxonomi
cally into five families, have been identi
fied. The five families are the Nymphal
idae (four-footed butterflies), the Lycae
nidae (blues, metalmarks and others), the 
Pieridae (whites and yellows), the Pap il
ionidae (including the swallowtails, the 
huge bird-wings of the Tropics and their 
relatives) and the Libytheidae (a tiny 
family of snout butterflies). The Nym
phalidae and Lycaenidae account for 
most (three-fourths) of the known genera 
and species. 

A caterpillar is a formidable eating 
machine: by the time it metamorphoses 
into a butterfly it has consumed up to 20 
times its dry weight in plant material. 
The numerous species vary greatly in 
their choice of food. Some are highly 
selective, feeding only on a single plant 
family; others are much more catholic 
in their tastes, but none feeds on all 
plants indiscriminately. Let us examine 
the food preferences of various groups 
and then consider the evolutionary con
sequences. 

One group that is far-ranging in its 
taste for plants is the Nymphalinae, a 
subfamily of the Nymphalidae that com
prises at least 2,500 species and is wide
spread around the world. The plants 
that members of this group feed on in
clude one or more genera of the figwort, 
sunflower, maple, pigweed, barberry, 
beech, borage, honeysuckle, stonecrop, 
oak, heather, mallow, melastome, myrtle, 
olive, buttercup, rose, willow and saxi
frage families. Another group that eats 
a wide variety of plants is the Lycae
ninae, a subfamily of the Lycaenidae 
that consists of thousands of species of 
usually tiny but often beautifully col
ored butterflies. The Lycaeninae in gen
eral are catholic in their tastes, and 
among their many food plants are mem
bers of the pineapple, borage, pea, buck
wheat, rose, heather, mistletoe, mint, 
buckthorn, chickweed, goosefoot, morn
ing glory, gentian, oxalis, pittosporum 
and zygophyllum families. 

What determines the caterpillars' 
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ANISIC ALDEHYDE 

PLANTS OF TWO FAMILIES, citrus (top) and parsley (bottom), produce the same three 

essential oils attractive to the larvae of black swallowtail butterflies. The chemical kinship 

between these plant families suggests a closer ancestral tie than had been suspected. 

food preferences? We learn a great deal 
about this subject by examining the 
diets of those butterfly species that are 
particularly selective in their choice of 
plants. One large group of swallowtails, 
for example, confines its diet mainly to 
plants of the Dutchman's-pipe family. 
Another feeds only on the "woody Ra
nales," a group of primitive angiosperms 
that includes the magnolias, the laurels 
and many tropical and subtropical 
plants. A third group of swallowtails is 
partial to plants of the citrus and parsley 
families; the striped caterpillars of these 
butterflies, which extrude two bright 
orange scent horns when they are dis
turbed, are familiar to gardeners, who 
often see them feeding on parsley, dill, 
fennel and celery plants. The caterpil
lars of the white butterfly group (a sub
family of the Pieridae) feed primarily on 
caper plants in the Tropics and on plants 
of the mustard family in temperate re-

gions. Similarly, the monarch butterfly 
and its relatives (a subfamily of the 
Nymphalidae) confine their diet primm'i
Iy to plants of the milkweed and dog
bane families. 

Alalysis of the plant selections by the 
butterfly groups has made it clear 

that their choices have a chemical basis, 
just as parasitic fungi choose hosts that 
meet their chemical needs. Vincent C. 
Dethier, then at Johns Hopkins Univer
sity, noted some years ago that plants of 
the citrus and parsley families, although 
apparently unrelated, have in common 
certain essential oils (such as methyl 
chavicol, anethole and anisic aldehyde) 
that presumably account for their attrac
tiveness to the group of swallowtails 
that feeds on them, Dethier found that 
caterpillars of the black swallowtail 
would even attempt to feed on filter 
paper soaked in these substances. The 
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FIVE BUTTERFLIES protected by their unpalatability are illustrated with their preferred 

plants. They are Thyridia themisto and one of the nightshades (a) , Battus philenor and 

Dntchman's.pipe (b), Danaus plexippus and milkweed (e), Helieonius eharitonius and pas· 

sion flower (d) and Pardopsis punetatissima and a representative of the violet family (e). 
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same caterpillars could also be ind"uced 
to feed on plants of the sunflower family 
(for example goldenrod and cosmos), 
which contain these oils but are not 
normally eaten by the caterpillars in 
nature. 

The chemical finding, incidentally, 
raises an interesting question about the 
evolutionary relationship of plants. The 
sunflower, citrus and parsley families 
have been considered to be very differ
ent from one another, but their common 
possession of the same group of sub
stances suggests that there may be a 
chemical kinship after all, at least be
tween the citrus and the parsley family. 
Chemistry may therefore become a basis 
for reconsideration of the present clas
sification system for plants. 

In the case of the cabbage white but
terfly larva the attractive chemical has 
been shown to be mustard oil. The pun
gent mustard oils are characteristic of 
plants of the caper and mustard families 
(the latter family includes many familiar 
food plants, such as cabbages, Brussels 
sprouts, horseradish, radishes and water
cress). The whites' larvae also feed occa
sionally on plants of other families that 
contain mustard oils, including the gar
den nasturtium. The Dutch botanist E. 
Verschaeffelt found early in this cen
tury that these larvae would eat flour, 
starch or even filter paper if it was 
smeared with juice from mustard plants. 
More recently the Canadian biologist 
A. J. Thorsteinson showed that the lar
vae would eat the leaves of plants on 
which they normally do not feed when 
the plants were treated with mustard oil 
glucosides. 

In contrast to the attractive plants, 
there are plant families on which butter
fly larvae do not feed (although other 
insects may). One of these is the coffee 
family. Although this family, with some 
10,000 species, is probably the fourth 
largest family of flowering plants in the 
world and is found mainly in the Trop
ics, as the butterflies themselves are, 
butterfly larvae rarely, if ever, feed on 
these plants. A plaUSible explanation is 
that plants of the coffee family are rich 
in alkaloids. Quinine is one example. 
Other plant families that butterflies gen
erally avoid eating are the cucurbits (rich 
in bitter terpenes), the grape family 
(containing raphides) and the spiny 
cactus family. 

One of the most interesting findings is 
that butterflies that are distasteful to 

predators (and that are identified by 
conspicuous coloring) are generally nar
row specialists in their choice of food. 
They tend to select plants on which oth-
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er butterfly groups do not feed, notably 
plants that are rich in alkaloids. It seems 
highly probable that their use of these 
plants for food has a double basis: it 
provides them with a feeding niche in 
which they have relatively little compe
tition, and it may supply them with the 
substances, or precursors of substances, 
that make them unpalatable to preda
tors. The distasteful groups of butterflies 
apparently have evolved changes in 
physiology that render them immune to 
the toxic or repellent plant substances 
and thus enable them to turn the plants' 
chemical defenses to their own advan
tage. Curiously, the butterfly species 
that mimic the coloring of the distaste
ful ones are in general more catholic 
in their feeding habits; evidently their 
warning coloration alone is sufficient to 
protect them. 

The fact that some butterflies' diets 
are indeed responsible for their unpal
atability has been demonstrated recently 
by Lincoln P. Brower of Amherst Col
lege and his co-workers. They worked 
with the monarch butterfly, whose lar
vae normally feed on plants of the milk
weed family. Such plants are rich in 
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cardiac glycosides, powerful poisons that 
are used in minute quantities to treat 
heart disease in man. When adult but
terflies of this species are offered to 
hand-reared birds (with no previous ex
perience with butterflies), the butterflies 
are tasted and then promptly rejected, 
as are further offerings of either the 
monarch or its close mimic, the viceroy. 
Recently Brower succeeded in spite of 
great difficulties in rearing a generation 
of monarch butterflies on cabbage and 
found that the resulting adults were 
perfectly acceptable to the birds, al
though they were refused by birds that 
had had previous experience with milk
weed-fed monarchs. 

The concept of warfare between the 
plants and the butterflies leads to much 
enlightenment on the details of evolu
tionary development on both sides. On 
the plants' side, we can liken their prob
lem to that of the farmer, who is obliged 
to defend his crops from attack by a 
variety of organisms. The plants must 
deploy their limited resources to protect 
themselves as best they can. They may 
confine their growing season to part of 
the year (limiting their availability to 
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predators); they may be equipped with 
certain mechanical or chemical defenses; 
some develop a nutrient-poor sap or nu
tritional imbalances that make them an 
inefficient or inadequate source of food. 
The herbivorous insects, for their part, 
reply with specializations to cope with 
the special defenses, as a hunter uses a 
high-powered rifle to hit deer or bear, 
a shotgun to hit birds or a hook to catch 
fish. No butterfly larva (or other her
bivore) possesses the varieties of physi
cal equipment that would allow it to feed 
on all plants; in order to feed at all it 
must specialize to some degree. Some of 
the specializations are extremely nar
row; certain sap-sucking insects, for ex
ample, have developed filtering mecha
nisms that trap the food elements in 
nutrient-poor sap, and some of the cater
pillars possess detoxifying systems that 
enable them to feed on plants containing 
toxic substances. 

By such devices herbivores of one 
kind or another have managed to breach 
the chemical defenses of nearly every 
group of plants. We have already noted 
several examples. The mustard oils of 
the mustard and caper plant families, 

A GIOSPERMS 
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425L-�------------�------------------------------------------------------------� 
RECORD OF EVOLUTION within the plant kingdom shows that 

among the vascular plants the gymnosperms (center) declined as 

the angiosperms (right) became abundant. The authors attribute 

this to the acquisition of chemical defenses by the angiosperms. 
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for instance, serve to make these plants 
unpalatable to most herbivores, but the 
white butterflies and certain other in
sects have become so adapted to this 
defense mechanism that the mustard oils 
actually are a feeding stimulus for them. 
O. L. Chambliss and C. M. Jones, then 
at Purdue University, showed that a bit
ter, toxic substance in fruits of the squash 
family that repels honeybees and yellow 
jackets is attractive to the spotted cu
cumber beetle. Incidentally, this sub
stance has been bred out of the culti
vated watermelon, as any picnicker who 
has had to wave yellow jackets away 
from the watermelon can testify. By se
lecting against this bitter taste man has 
destroyed one of the natural protective 
mechanisms of the plant and must con
tend with a much wider variety of pred
ators on it than the watermelon had to 
in the wild. 

An important aspect of the insects' 

MODEL 

a 
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chemical adaptability is the recent find
ing that insects that feed on toxic plants 
are often immune to man-made insecti
cides. They evidently possess a general
ized detoxifying mechanism. H. T. Gor
don of the University of California at 
Berkeley has pointed out that this is 
commonly true of insects that are in the 
habit of feeding on a wide variety of 
plants. He suggests that through evo
lutionary selection such insects have 
evolved a high tolerance to biochemical 
stresses. 

What can we deduce, in the light of 
the present mutual interrelations of but
terflies and plants, about the evolution
ary history of the insects and flowering 
plants? We have little information about 
their ancient history to guide us, but a 
few general points seem reasonably 
clear. 

First, we can surmise that the great 
success of the angiosperm plants (plants 

MIMETIC FORM 

e 

UNPALATABLE BUTTERFLIES, whose disagreeable taste OrIgmates with the plants 

they ate as larvae, are often boldly marked and predators soon learn to avoid them. The 

three "models," s'o called because unrelated species mimic them, are the monarcb, Danaus 

(a), another Danaine, D. chrysippus (d) and a third Danaine, Amauris (/). Their imitators 

are the viceroy, Limenitis (b), one form of Papilio dardanus (e) and another form of P. 
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with enclosed seeds), which now domi
nate the plant world since most of the 
more primitive gymnosperm lines have 
disappeared, is probably due in large 
measure to the angiosperms' early ac
quisition of chemical defenses. One im
portant group of protective secondary 
plant substances, the alkaloids, is found 
almost exclusively in this class of plants 
and is well represented in those groups 
of angiosperms that are considered most 
primitive. Whereas other plants were 
poorly equipped for chemical warfare, 
the angiosperms were able to diversify 
behind a biochemical shield that gave 
them considerable protection from her
bivores. 

As the Rowering plants diversified, 
the insect world also underwent a tre
mendous diversification with them. The 
intimate present relation between but
terRies and plants leaves no doubt that 
the two groups evolved together, each 

NONMIMETIC FORM 

llarllanus (g). Mimicry is not a genus-wide 

phenomenon: L. astyanax (e), a relative of 

the viceroy, is nonmimetic. So is a third 

form of P. llarllanus (h), whose cousins 

(e, g) mimic two of the Danaine models. 

HAVE FUN! 
Our Sarasota photography buffs, Mr. and 
Mrs. Ralph Davis, say that little giant, 
the Beaulieu Super 8 " is a peach." It is 
lighter than most 35 mm. cameras and 
with the Questar C-mount adapter can be 
attached easily behind the Questar with
out additional support. 

We have some experimental reels here 
that they have taken showing men fishing 
on a pier about 2,000 feet distant, rice 
birds catching insects and gulls working 
busily on the Gulf of Mexico shore, both 
at about 500 feet, and, at the other 
extreme, tiny sand crabs, no larger than 
silver dollars, swarming at 30 feet. All 
demonstrate Questar's remarkable resolv
ing power even with distant moving 
objects under difficult lighting conditions. 
With equal clarity you can discern facial 
expressions at 2,000 feet and the feather 
detail of birds in motion. And, of course, 
the close-up study of small animal or 
insect life at great enlargement is a fas
cinating possibility. 

The pictures are taken on Eastman 
Kodak Kodachrome II with an ASA 
rating of 25. This is the only super 8 
film available at present, but faster emul
sions are promised for the near future. 

The Davises found that exposures at 
approximately 16 frames per second 
proved satisfactory provided the subjects 

Questar and the Beaulieu Super 8 
are a wonderful team 

were in bright light. At that rate the 
shutter speed is 1/58 second. They point 
out that the same conditions control the 
success of telescopic photography with a 
movie camera, as with a still camera. All 
the light you can get and "good seeing" 
are essential for both, as well as equip
ment that is free from vibration. 

The Davises were pleased with the per
formance of this completely automated 
camera, for all purposes. They liked its 
smooth, ultra-slow motion and acceler
ated motion, its wide range of filming 
speeds, its reflex viewfinder and behind
the-lens meter, its interchangeable lenses 
and its Angenieux zoom lens. 

F or the convenience of Questar cus
tomers we can now supply the superb 
Beaulieu cameras, and in our efforts to 
find the smoothest head for panning, we 
have discovered the Miller Fluid Head 
which operates on a patented semi
hydraulic principle and is completely free 
of backlash. Its motion is really smooth 
as silk and it can be adapted to any 
standard tripod. 

Beaulieu Automatic Super 8 
with Angenieux 8 to 64 mm. 
Zoom Lens 

Questar C-mount Adapter 

Miller Fluid Head, Model "0" 

$699.00 
17.50 

150.00 
Questa" the world's finest, most versatile small telescope, priced from 

$795. is described in our 40-page booklet. Send $1 for mailing anywhere 

in North America. By air to rest of Western Hemisphere, Europe 

and northern Africa, $2.50. Australia and all other places, $3.50. 

BOX 20 NEW HOPE, PENNSYLVANIA 18938 
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Bow to achieve togetherness . . . 
when IDODe, is the object. 
Togetherness is the business of Willcox Ie Gibbs. Making money for you is the object. Four 
companies make up our togetherness. They.make machines that join things, bond things, fuse 
things, cure things, sew things, dry and heat things. They do it mechanically, dielectrically, 

thermally and ultrasonically. Things that include wood; plastiCS, fabrics, resins, metals, almost 
any materi3.1 you can name and some materials that haven't been named yet. Combinations that 

include vinyl to steel, vinyl to vinyl, mylar to fabric, vinyl to leather, leather to leather, nylon 
to nylon. We're now working these miracles for the printing, binding, heating, construction, 
garment, shoe, furniture, automo�ive and boat-building business, and more. Every time we get a 
call from a new custoDler who wants new ways to make money, we get a new togetherness problem 
to solve. Call U$. W�'ll plan a system for you and keep it running smoothly. That's togetherness. 

rho baslDess ma_ .. tbat 10lil come fronr �ii�OX. 
FARAT�ON. RAvBOrJ'o': rHERMATRON. wiG SEWING EQUIPMENT ·co. : 1�40 AVENUE OF THE AM:�RICAS. N.V .• N.V. 10018 
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TOOTHED EDGE of the holly (left) normally protects it from leaf-edge eaters, such as the 

tent caterpillar. After the leaf's teeth are trimmed (right) the insect readily devours it. 

inHuencing the development of the 
other. In all probability the butterHies, 
which doubtless descended from the 
primarily nocturnal moths, owe their 
success largely to the decisive step of 
taking to daytime feeding. By virtue of 
their choice of food plants all butterHies 
are somewhat distasteful, and Charles L. 
Remington of Yale University has sug
gested that this is primarily what en
abled them to establish themselves and 
Hourish in the world of daylight. The 
butterHies and their larvae did not, of 
course, overwhelm the plant world; on 
the contrary, in company with the other 
herbivores they helped to accelerate the 
evolution of the plants into a great va
riety of new and more resistant forms. 

From what little we know about the 
relationships between other herbivore 
groups and their associated plants, we 
can assume that the butterHy-plant as
sociation is typical of most herbivore
plant pairings. This information gives us 
an excellent starting point for under
standing the phenomenon that we might 
call "communal evolution," or coevolu
tion. It can help, for example, to account 
for the great diversity of plant and insect 
species in the Tropics compared with 
the much smaller number of species in 
the temperate zones. The abundance 
of plant-eating insects in the Tropics, 
interacting with the plants, unquestion
ably has been an important factor, per
haps the most important one, in promot
ing the species diversity of both plants 
and animals in those regions. Indeed, 
the interaction of plants and herbivores 
may be the primary mechanism responsi
ble for generating the diversity of living 
forms in most of the earth's environ
ments. 

Since the welfare, and even the sur
vival, of mankind depend so heavily on 

the food supply and on finding ways 
to deal with insects without dangerous 
contamination of the environment with 
insecticides, great benefits might be de
rived from more intensive study of plant
herbivore associations. vVith detailed 
knowledge of these associations, plants 
can be bred for resistance to insects. 
Crop plants might be endowed with 
bred-in repellents, and strains of plants 
containing strong attractants for pests 
might be planted next to the crops to 
divert the insects and facilitate their de
struction. New methods of eliminating 
insects without danger to man might be 
developed. Carroll M. Williams of Har
vard University and his co-workers have 
discovered, for example, that substances 
analogous to the juvenile hormone of 
some insects are present in tissues of the 
American balsam fir. Since the juvenile 
hormone acts to delay metamorphosis in 
insects, plants bred for such substances 
might be used to interfere with insect 
development. It is even possible that 
insects could be fought with tumor
inducing substances: at least one plant 
alkaloid, nicotine, is known to be a pow
erful carcinogen in vertebrates. 

Such methods, together with tech
niques of biological control of insects al
ready in use and under development, 
could greatly reduce the present reliance 
on hazardous insecticides. The insects 
have shown that they cannot be con
quered permanently by the brand of 
chemical warfare we have been using up 
to now. After all, they had become bat
tle-hardened from fighting the insecti
cide warfare of the plants for more than 
100 million years. By learning from the 
plants and sharpening their natural 
weapons we should be able to find effec
tive ways of poisoning our insect com
petitors without poisoning ourselves. 

• 
ElECTRONICS 

SEMICONDUCTOR PRODUCTS 

365 Middlefield Road · Mountain View, California 
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Memory and Protein Synthesis 
If a gold/ish lS trained to per/ann a simple task and shortly 

thereafter a substance that blocks the manufacture of protein 

is injected into its skull) it forgets what it has been taught 

What is the mechanism of mem
ory? The question has not yet 
been answered, but the kind of 

evidence needed to answer it has slowly 
been accumulating. One important fact 
that has emerged is that there are two 
types of memory: short-term and long
term. To put it another way, the process 
of learning is different from the proc
ess of memory-storage; what is learned 
must somehow be fixed or consolidated 
before it can be remembered. For exam
ple, people who have received shock 
treatment in the course of psychiatric 
care report that they cannot remember 
experiences they had immediately before 
the treatment. It is as though the shock 
treatment had disrupted the process of 

� 
� 
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GRID 

by Bernard W. Agranoff 

consolidating their memory of the ex
periences. 

In our laboratory at the University of 
Michigan we have demonstrated that 
there is a connection between the con
solidation of memory and the manufac
ture of protein in the brain. Our experi
mental animal is the common goldfish 
(Camssius aumtus). Basically what we do 
is train a large number of goldfish to per
form a simple task and at various times 
before, during and after the training in
ject into their skulls a substance that in
terferes with the synthesis of protein. 
Then we observe the effect of the injec
tions on the goldfish's performance. 

Why seek a connection between mem
ory and protein synthesis? For one thing, 

BARRIER 

enzymes are proteins, and enzymes cata
lyze all the chemical reactions of life. It 
would seem reasonable to expect that 
memory, like all other life processes, is 
dependent on enzyme-catalyzed reac
tions. What is perhaps more to the point, 
the manufacture of new enzymes is char
acteristic of long-term changes in living 
organisms, such as growth and the differ
entiation of cells in the embryo. And 
long-term memory is by definition a 
long-term change. 

The investigation of a connection be
tween memory and protein synthesis is 
made possible by the profound advances 
in knowledge of protein synthesis that 
have come in the past 10 years. A mole
cule of protein is made from 20 differ-

GRID 

TRAINING TANK the author used was designed so that goldfish 

learned to swim from the light end to the dark end. A learning trial 

began with the illumination of the left end of the tank (chart at 
bottom), followed after a pause by mild electric shocks (colored 

vertical lines) from grids at that end. At first a fish would swim 
over the central barrier in response to shock; then increasingly 

the fish came to respond to light cue alone as sequence of light, 

shock and darkness was alternately repeated at each end of the tank. 
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GOLDFISH LEARN in successive trials to solve the problem the 

shuttle box presents. Following 20 seconds of darkness (1) the end 

of the box where the fi sh is swimming is lighted for an equal period 

of time (2). The fish fails to respond, swimming over the barrier 

ent kinds of amino acid molecule, strung 
together in a polypeptide chain. The 
stringing is done in the small bodies in 
the living cell called ribosomes. Each 
amino acid molecule is brought to the 
ribosome by a molecule of transfer RNA, 
a form of ribonucleic acid. The instruc
tions according to which the amino acids 
are linked in a specific sequence are 
brought to the ribosome by another form 
of ribonucleic acid: messenger RNA. 
These instructions have been transcribed 
by the messenger RNA from deoxyribo
nucleic acid (DNA), the cell's central li
brary of information. 

With this much knowledge of protein 
synthesis one can begin to think of ex
amining the process by interfering with 
it in selective ways. Such interference 
can be accomplished with antibiotics. 
Whereas some substances that interfere 
with the machinery of the cell, such as 
cyanide, are quite general in their ef-
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fects, antibiotics can be highly selective. 
Indeed, some of them block only one 
step in cellular metabolism. As an exam
ple, the antibiotic puromycin simply 
stops the growth of the polypeptide 
chain in the ribosome. This it does by 
virtue of the fact that its molecule re
sembles one end of the transfer RNA 
molecule with an amino acid attached to 
it. Accordingly the puromycin molecule 
is joined to the growing end of the poly
peptide chain and blocks its further 
growth. The truncated chain is released 
attached to the puromycin molecule. 

Numerous workers have had the idea 
of using agents such as puromycin to 
block protein synthesis in animals and 
then observing the effects on the ani
mals' behavior. Among them have been 
C. Wesley Dingman II and M. B. Sporn 
of the National Institutes of Health, who 
injected 8-azaguanine into rats; T. J. 
Chamberlain, G. H. Rothschild and 

Ralph W. Gerard of the University of 
Michigan, who administered the same 
substance to rats, and Josefa B. Flexner, 
Louis B. Flexner and Eliot Stellar of the 
University of Pennsylvania, who injected 
puromycin into mice. Such experiments 
encouraged us to try our hand with the 
goldfish. 

We chose the goldfish for our experi-
ments because it is readily avail

able and can be accommodated in the 
laboratory in large numbers. Moreover, 
a simple and automatically controlled 
training task for goldfish had already 
been developed by M. E. Bitterman of 
Bryn Mawr College. One might wonder 
if a fish has such a thing as long-term 
memory; in the opinion of numerous 
psychologists and anglers there can be 
no doubt of it. 

Our training apparatus is called a 
shuttle box. It is an oblong plastic tank 
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only after the shock period heralded hy light has begun (3). When 

the same events are repeated at the other end of the box (4, 5 and 
6), the fish shown here succeeds in crossing the barrier during the 

20 seconds of light that precede the period of intermittent shock. 

divided into two compartments by a 
barrier that comes to within an inch of 
the water surface [see illustration on 
page 115]. At each end of the box is a 
light that can be turned on and off. On 
opposite sides of each compartment are 
grids by means of which the fish can be 
given a mild electric shock through the 
water. 

The task to be learned by the fish is 
that when it is in one compartment and 
the light goes on at that end of the box, 
it should swim over the barrier into the 
other compartment. In our initial experi
ments we left the fish in the dark for 
five minutes and then gave it five one
minute trials. Each trial consisted in (1) 
turning on the light at the fish's end of 
the box, (2) 20 seconds later intermit
tently turning on the shocking grids and 
(3) 20 seconds after that turning off both 
the shocking grids and the light. If the 
fish crossed the barrier into the other 

compartment during the first 20 seconds, 
it avoided the shock; if it crossed the bar
rier during the second 20 seconds, it es
caped the shock. 

An untrained goldfish almost always 
escaped the shock, that is, it swam across 
the barrier only when the shock began. 
Whether the fish escaped the shock or 
avoided it, it crossed the barrier into the 
other compartment. Then, after 20 sec
onds of darkness, the light at that end 
was turned on to start the second trial. 
Thus the fish shuttled back and forth 
with each trial. If a fish failed to either 
avoid or escape, it missed the next trial. 
Such missed trials were rare and gen
erally came only at the beginning of 
training. 

In these experiments the goldfish went 
through five consecutive cycles of five 
minutes of darkness followed by five 
training trials; accordingly they received 
a total of 20 trials in 40 minutes. They 

were then placed in individual "home" 
tanks-plastic tanks that are slightly 
smaller than the shuttle boxes-and kept 
there for three days. On the third day 
they were returned to the shuttle box, 
where they were given 10 more trials in 
20 minutes. 

The fish readily learned to move from 
one compartment to the other when the 
light went on, thereby aVOiding the 
shock. Untrained fish avoided the shock 
in about 20 percent of the first 10 trials 
and continued to improve with further 
trials. If they were allowed to perform 
the task day after day, the curve of 
learning flattened out at about 80 per
cent correct responses. 

What was even more significant for 
our experiments was what happened 
when we changed the interval between 
the first cycle of trials and the second, 
that is, between the 20th and the 21st of 
the 30 trials. If the second cycle was 
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PROTEIN-BLOCKING AGENTS can interrupt the formation of 

molecules at the ribosome, where the amino acid units of protein 

are linked according to instructions embodied in messenger ribonu

cleic acid (mRNA). One agent, acetoxycycloheximide, interferes 

with the bonding mechanism that links amino acids brought to the 

ribosome by transfer RNA (tRNA). Puromycin, another agent, re

sembles the combination of tRNA and the amino acid phenylala

nine. Thus it is taken into chain and prematurely halts its growth. 
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MOLECULAR DIAGRAMS show the resemblance between puro

mycin and the combination phenylalanyl-tRNA. In both cases 

the portion of the molecule below the broken line is incorpo· 

rated into a growing protein molecule, joining at the free amino 

group (1). But in puromycin the CONH group (2), unlike the cor

responding group (COO) of phenylalanyl, will not accept another 

amino acid and the chain is broken. Acetoxycycloheximide does 

not resemble amino acid but slows rate at which the chain forms. 
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begun a full month after the first, the 
fish performed as weil as they did on the 
third day. If the second cycle was be
gun on the day after the first, the fish 
performed equally well, as one would 
expect. In short, the fish had perfect 
memory of their training. 

\lVe found that we could predict the 
training scores of groups of fish on the 
third day on the basis of their scores on 
the first day. This made it easier for us to 
determine the effect of antibiotics on the 
fish's memory: we could compare the 
training scores of fish receiving antibi
otics with the predicted scores. Since we 
conducted these initial experiments we 
have made several improvements in our 
procedure. We now record the escapes 
and avoidances automatically with pho
todetectors, and we have arranged mat
ters so that a fish does not miss a trial if 
it fails to escape. We have altered the 
trial sequence and the time interval be
tween the turning on of the light and the 
turning on of the shocking grid. The re
suIts obtained with these improved pro
cedures are essentially the same as our 
earlier ones. 

The principal antibiotic we use in our 
experiments is puromycin, whose effect 
on protein synthesis was described ear
lier. We inject the drug directly into the 
skull of the goldfish with a hypodermic 
syringe. A thin needle easily penetrates 
the skull; 10 microliters of solution is 
then injected over the fish's brain (not 
into it). In an early series of experiments 
we injected 170 micrograms of puromy
cin in that amount of solution at various 
stages in our training procedures. 

We found that if the puromycin was 
injected immediately after training, mem
ory of the training was obliterated. If the 
same amount of the drug was injected an 
hour after training, on the other hand, 
memory was unaffected. Injection 30 
minutes after training produced an in
termediate effect. Reducing the amount 
of puromycin caused a smaller loss of 
memory. 

�ter the injection the fish seemed to 
swim normally. \lVe were therefore 

encouraged to test whether or not puro
mycin interferes with the changes that 
occur in the brain as the fish is being 
trained. This we did by injecting the fish 
before their initial training. We found 
that they learned the task at a normal 
rate, that is, their improvement during 
the first 20 trials was normal. Fish tested 
three days later, however, showed a pro
found loss of memory. This indicated to 
us that puromycin did not block the 
short-term memory demonstrated during 
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TRACE FROM RECORDER shows the performances of 10 goldfish in 30 trials. Each hori

zontal row represents a trial, beginning at the bottom with trial 1. A blip (left side) indicates 

that a fish either escaped or avoided the shock; a dash in the same row (right) signifies an 

avoidance, that is, a correct response for the trial. These fish learned at the normal rate. 

learning but did interfere with the con
solidation of long-term memory. And 
since an injection an hour after training 
has no effect on long-term memory, 
whereas an injection immediately after 
training obliterates it, it appears that 
consolidation can take place within an 
hour. 

One observation puzzled us. The ani
mals had received their initial training 
during a 40-minute period, 20 minutes 
of which was spent in the dark. Puromy
cin could erase all memory of this train
ing; none of the memory was consoli
dated. Yet the experiment in which we 
injected puromycin 30 minutes after 
training had shown that more than half 
of the memory was consolidated during 
that period. How was it that no memory 
at all was consolidated at least toward 
the end of the 40-minute training pe
riod? To be sure, the fish that had been 
injected 30 minutes after the training 
period had been removed from the shut
tle boxes and placed in their home tanks. 
But what was different about the time 
spent in the shuttle box and the time 
spent in the home tank that memory 
could be consolidated in the home tank 

but could not be in the shuttle box? 
Roger E. Davis of our laboratory un

dertook further experiments to clarify 
the phenomenon. He found that fish that 
were allowed to remain in the shuttle 
box for several hours after training and 
were then returned to their home tank 
showed no loss of memory when they 
were tested four days later. On the other 
hand, fish that were allowed to remain 
in the shuttle box for the same length of 
time and were then injected with puro
mycin and returned to their home tank 
had a marked memory loss! In other 
words, the fish in the first group did not 
consolidate memory of their training 
until after they had been placed in their 
home tank. It appears that simply being 
in the shuttle box prevents the fixation of 
memory. Subsequent studies have led us 
to the idea that memory fixation is 
blocked when the organism is in an en
vironment associated with a high level of 
stimulation. This effect indicates that the 
formation of memory is environment
dependent, just as the consolidation of 
memory is time-dependent. 

We conclude from all these experi
ments that long-term memory of training 
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in the goldfish is formed by a pm'omy
cin-sensitive step that begins after train
ing and requires that the animal be re
moved from the training environment. 
The initial acquisition of information by 
the fish is puromycin-insensitive and is a 
qualitarively different process. But what 
does the action of puromycin on mem
ory formation have to do with its known 
biochemical effect: the inhibition of pro
tein synthesis? 

We undertook to establish that puro-
mycin blocks protein synthesis in 

the goldfish brain under the conditions 
of our experiments. This we did in the 
following manner. First we injected 
puromycin into the skull of the fish. Next 
we injected into the abdominal cavity of 
the fish leucine that had been labeled 
with tritium, or radioactive hydrogen. 
Now, leucine is an amino acid, and if la
beled leucine is injected into a goldfish's 
abdominal cavity, it will be incorporated 
into whatever protein is being synthe
sized throughout the goldfish's body. By 
measuring the amount of labeled leucine 
incorporated into protein after, say, 30 
minutes, one can determine the rate of 
protein synthesis during that time. 

We compared the amount of labeled 
leucine incorporated into protein in 
goldfish that had received an injection 
of puromycin with the amount incorpo
rated in fish that had received either no 

injection or an injection of inactive salt 
solution. We found that protein synthe
sis in the brain of fish that had been in
jected with puromycin was deeply in
hibited. The effects of different doses of 
puromycin and the length of time it took 
the drug to act did not, however, closely 
correspond to what we had observed in 
our experiments involving the behavioral 
performance of the goldfish. In retro
spect this result is not surprising. Various 
experiments, including our own, had 
shown that the rate of memory consoli
dation can be altered by changes in the 
conditions of training. Moreover, the rate 
of leucine incorporation can be affected 
by complex physiological factors. 

Another way to check whether or not 
puromycin exerts its effects on memory 
by inhibiting protein synthesis would be 
to perform the memory experiments with 
a second drug known to inhibit such 
synthesis. Then if puromycin blocks 
long-term memory by some other mech
anism, the second drug would have no 
effect on memory. It would be even bet
ter if the second drug did not resemble 
puromycin in molecular structure, so 
that its effect on protein synthesis would 
not be the same as puromycin's. Such 
a drug exists in acetoxycycloheximide. 
Where puromycin blocks the growth of 
the polypeptide chain by taking the 
place of an amino acid, acetoxycyclo
heximide simply slows down the rate at 

ANTIBIOTIC WAS INJECTED through the thin skull of a goldfish and over rather than 

into the brain. The antibiotic was puromycin, which inhibits protein synthesis. Following 

its injection the fish were able to swim normally. They could then be tested for memory loss. 

120 

which the amino acids are linked to
gether. We found that a small amount of 
this drug (.1 microgram, or one 1,700th 
the weight of the amount of puromycin 
we had been using) produced a measur
able memory deficit in goldfish. More
over, it commensurately inhibited the 
synthesis of protein in the goldfish brain. 

These experiments suggest that pro
tein synthesis is required for the consoli
dation of memory, but they are not con
clusive. Louis Flexner and his colleagues 
have found that puromycin can interfere 
with memory in mice. On the other 
hand, they find that acetoxycyclohexi
mide has no such effect. They conclude 
that protein is required for the expres
sion of memory but that experience acts 
not on protein synthesis directly but on 
messenger RNA. The conditions of their 
experiments and the fact that they are 
working with a different animal do not 
allow any ready comparison with our ex
periments. 

Our studies of the goldfish have led 
us to view learning and memory as a 

form of biological development. One 
may think of the brain of an animal as 
being completely "wired" by heredity; 
all possible pathways are present, but 
not all are "soldered." It may be that in 
short-term memory, pathways are se
lected rapidly but impermanently. In 
that case protein synthesis would not be 
required, which may explain why puro
mycin has no effect on short-term mem
ory. If the consolidation of memory calls 
for more permanent connections among 
pathways, it seems reasonable that pro
tein synthesis would be involved. The 
formation of such connections, of course, 
would be blocked by puromycin and 
acetoxycycloheximide. 

Another possibility is that the drugs 
block not the formation of permanent 
pathways but the transmission of a sig
nal to fix what has just been learned. 
There is some evidence for this notion in 
what happens to people who suffer dam
age to certain parts of the brain (the 
mammillary bodies and the hippocam
pus). They retain older memories and 
are capable of new learning, but they 
cannot form new long-term memories. 
Experiments with animals also provide 
some evidence for a "fix" signal. We are 
currently doing experiments in the hope 
of determining which of these hypoth
eses best fits the effects of puromycin 
and acetoxycycloheximide on memory 
in the goldfish. 

Quite apart from our own work, it has 
been suggested by others that it is pos
sible to transfer patterns of behavior 
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NORMAL LEARNING RATE of goldfish in 30 shuttle-box trials is 

shown by the black curve_ Whether the last 10 trials were given 

three days after the first 20 (the regular procedure) or as much as 

a month later, fish demonstrated the same rate of improvement. 
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INJECTION PRIOR TO TRAINING did not affect the rate at 

which goldfish learned to solve the shuttle-box problem. But puro

mycin given at this point did suppress the formation of long-term 

memory, as shown by the drop in the scores three days afterward. 
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INJECTION WITH PUROMYCIN one hour after completion of 

20 learning trials did not disrupt memory. Goldfish given the anti

biotic at this point scored as well as those in the control group 

in the sequence of 10 trials that followed three days afterward. 
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INJECTION IMMEDIATELY AFTER the first 20 trials erased 

all memory of training. The fish scored at the untrained level. 
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ENVIRONMENTAL FACTOR in the formation of lasting memory 

was seen when fish remained in training (instead of "home") tanks 

during the fixation period. Under these conditions fixation did 

not occur. Puromycin given at end of period still erased memory. 
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The unique intellectual stimulation 
you find each month in the pages of 
this magazine can be a part of your 
standard classroom. fare if you regu
larly include SCIENTIFIC AMERICAN 

Offprints in your reading assignments. 
From a constantly growing inventory 
of more than 550 available articles
reproduced from the magazine with 
full text, full illustration, and full 
color-you can select those most suit
able for the design of your course and 
use them as enrichment "chapters" 
along with your textbook. 

Hundreds of thousands of students 
have already responded to SCIENTIFIC 

AMERICAN Offprints with fresh enthu
siasm for their courses and with a bet
ter grasp of the subject. 

Why not try a selection of Offprints 
in your next course? They are still 
only 20¢ each. 

For a free descriptive brochure, 
write to 

•== W. H. FREEMAN 
Ii AND COMPANY 
660 Market St., San Francisco, California 94104 
Warner House, 48 Upper Thames St., London E. C. 4 
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2 

SLOWED PROTEIN SYNTHESIS in the brain of goldfish is induced both by acetoxycyclo· 

heximide (black line) and the antibiotic puromycin (colored line), agents that block the 

fixation of memory. The author tested the effect on goldfish of various quantities of the two 

drugs; acetoxycycloheximide was found several hundred times more potent than puromycin. 

from one animal to another (even to an 
animal of a different species) by inject
ing RNA or protein from the brain of a 
trained animal into the brain (or even 
the abdominal c�vity) of an untrained 
one. If such transfers of behavior pat
terns can actually be accomplished, they 
imply that memory resides in molecules 
of RNA or protein. Nothing we have 
learned with the goldfish argues for or 
against the possibility that a behavior 
pattern is stored in such a molecule. 

It can be observed, however, that 
there is no precedent in biology for such 
storage. What could be required would 
be a kind of somatic mutation: a change 
in the cell's store of information that 
would give rise to a protein with a new 
sequence of amino acids. It seems un
likely that such a process could operate 
at the speed required for learning. 

It might also be that learning and 
memory involve the formation of short 
segments of RNA or protein that some
how label an individual brain cell. Rich
ard Santen of our laboratory has calcu
lated (on the basis of DNA content) the 
number of cells in the brain of a rat: it 
comes to 500 million. With this figure 
one can calculate further that a poly
peptide chain of seven amino acids, ar
ranged in every possible sequence, could 

provide each cell in the rat's brain with 
two unique markers. 

The concept that each nerve cell has 
its own chemical marker is supported 
by experiments on the regel"leration of 
the optic nerve performed by Roger 
W. Sperry of the California Institute of 
Technology. If the optic nerve of a frog 
is cut and the two ends of the nerve are 
put back together rotated 180 degrees 
with respect to each other, the severed 
fibers of the nerve link up with the same 
fiber as before. This of course suggests 
that each fiber has a unique marker that 
in the course of regeneration enables it 
to recognize its mate. 

Is it possible, then, that a cell "turned 
on" by the learning process manufac
tures a chemical marker? And could such 
a process give rise to a substance that, 
when it is injected into another animal, 
finds its way to the exact location where 
it can effectuate memory? Thus far the 
evidence put forward in support of such 
ideas has not been impressive. In this 
exciting period of discovery in brain re
search clear-cut experiments are more 
important than theories. Certain long
term memories held by investigators in 
this area may be more of a hindrance 
than a help in exploring all its possibili
ties. 
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RECENT 
FINDINGS 

RESEARCH LABORATORIES 

C@) 
Observation of molecular 
vibrations in tunneling 

Physicists from the Scientific Research Staff at Ford 
Motor Company recently developed a device to dem
onstrate a new phenomenon in solid state physics. 

The device, called a Solid State Spectrometer, 
represents a significant development in our ability to 
detect microscopic amounts of chemical materials. 

The phenomenon, known as inelastic electron 
tunneling, is capable of seeing minute amounts of 
molecular material which are in the adsorbed state, 
having attached themselves to the surface of a thin, 

insulating film. Experiments have shown that less than 
a single layer of these impurities can be detected. 

In the experiment, an electron current is passed 
through the thin film on which the impurities have 
been adsorbed. The ability of the film to pass current 
was measurably affected by the presence of the im
purity molecules. 

Tunneling electrons were found to interact with 
vibrational states of molecules included at a metal
oxide interface. There were increases in the conductance 
G of the junction occurring at various characteristic 
voltages V. These voltages correspond to vibrational 
frequencies v of molecules contained in the junction, 
i.e., eV =hv. 

These increases represent changes in G of about 
1 % and correspond to the onset of new tunneling 
channels paralleling the bulk of the tunneling current. 
The characteristic voltages occur when molecular 
impurities are introduced in the junction, usually after 
formation of the oxide insulating barrier and before 
deposition of the top metal film. Coverage is estimated 
to be of the order of one monolayer. 

A spectrum was obtained that was characteristic 
of the particular molecular species. The spectra reflect 
the internal molecular vibrations. 

Traditional methods of obtaining this information 
have used infrared light of varying wave length to probe 
the sample. In this new method, electrons take the place 
of light waves and the voltage applied to drive current 

through the insulating film takes the place of wave 
length. 

Compared to infrared absorption, electrons are 
effected more than a thousand times more efficiently in 
this method, which accounts for its high sensitivity. 

Besides providing a new analytical tool, the Solid 
State Spectrometer permits experimentation on mol
ecules in the adsorbed state, which will be of importance 
to the field of surface chemistry. It also represents an 
advance in understanding the basic processes related 
to electron tunneling in the solid state. 

t 

BENDING MODES 

o .3 .4 .5 

v (VOLTS) -
Recorder traces of dZl/dVz versus applied voltage for three AI-AI oxide-Pb junctions 
taken at4.2°K. The zero of the vertical scale is shifted for each curve and all three are 
normalized to the same arbitrary units. The largest peaks represent increases of 1% 
of G. Also indicated are intervals associated with the energy of IR active molecular 
vibrational modes. Curve A is obtained from a "clean" junction. Curves Band C are 
obtained from junctions exposed to propionic acid (CH,(CHz)COOH) and acetic acid 
(CH,COOH) respectively. The spectra are independent of voltage polarity. 

PROBING DEEPER FOR BETTER IDEAS 
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MATHEMATICAL GAMES 
The po�yhex and the polyabolo) 

po�ygonal jigsaw puzzle pieces 

by lUartin Gardner 

T
he usual jigsaw puzzle is almost 
devoid of mathematical interest: 
the pieces are fitted together by 

trial and error, and if one has enough de
termination and patience, the pattern is 
eventually completed. But if the pieces 
have simple polygonal shapes, the task of 
fitting them into a predetermined figure 
becomes one of combinatorial geometry, 
offering scope for considerable mathe
matical ingenuity and sometimes raising 
questions that are not mathematically 
trivial. If a set of polygonal pieces is ob
tained by applying a simple combina
torial rule, it takes on a quality of ele
gance, and the task of exploring the set's 
combinatorial properties can be as fas
cinating as it is time-devouring. 

Among recreational mathematics en
thusiasts the most popular of such so
phisticated jigsaws are the polyominoes. 

PISTOL 

BEE 

These are pieces formed by joining n 

unit squares in all possible ways. Many 
earlier columns have been devoted to 
them, and Solomon W. Golomb, pro
fessor of engineering and mathematics 
at the University of Southern California, 
has written a book about them, Polyom
inoes. By joining equilateral triangles 
along their edges one obtains another 
well-explored family of shapes known as 
polyiamonds. The hexiamonds (polyia
monds formed with six equilateral tri
angles) provided the topic for this de
partment in December, 1964. 

Many readers intrigued by polyom
inoes and polyiamonds have written to 
propose other ways of obtaining a basic 
set of polygons that can be used for sim
ilar recreations, and this month I shall 
discuss the two sets that have prompted 
the most correspondence. Very little has 
been published about either of them. I 
am hoping that readers will join in a 
pioneer investigation of their properties 
and clear up some of the many unsolved 
problems connected with them. 

WAVE 

ARCH 

PROPELLER 

WORM BAR 

The seven distinct tetrahexes 
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Since there are only three regular 
polygons that tile the plane-squares, 
equilateral triangles and regular hexa
gons-one thinks at once of forming 
pieces by joining congruent hexagons. 
There is only one way to join two hexa
gons; there are three ways to join three 
hexagons and seven ways to join four of 
them. Because these shapes resemble the 
structural diagrams of benzene-ring com
pounds two readers, Eleanor Schwartz 
and Gerald J. Cloutier, have suggested 
calling them "benzenes." Other names 
have been proposed, but it seems to me 
that the best is "polyhexes," the name 
adopted by David Klamer, who was one 
of the first to investigate them. The seven 
tetrahexes, with names culled from the 
letters of many different rea

'
ders, are 

shown in the illustration on this page. 
The next largest set, the pentahex, has 22 
distinct shapes-a bit too unwieldy for 
recreational uses. There are 83 hexa
hexes. (Because pieces may be turned 
over, mirror-image forms are not con
sidered distinct.) The number of hepta
hexes (order 7) is not yet known. As with 
polyominoes and polyiamonds, no for
mula is known by which the number of 
polyhexes of a given order can be de
termined. 

The reader is urged to cut a set of 
tetrahexes from cardboard. (If you have 
a hexagonally tiled floor, you could make 
the pieces correspond in cell size to the 
tiles so that the floor can be used as a 
background for working on tetrahex 
problems.) Of the eight symmetrical pat
terns in the illustration on the opposite 
page, all but one can be formed from a 
full set of the seven tetrahexes. Many 
readers proposed the "rhombus," the 
"triangle" and the "tower." The "ink 
blot" and the "grapes" are from Richard 
A. Horvitz, the "ring" from Cloutier, the 
"pyramid" from Klamer and the "rug" 
from both T. Marlow and Klamer. Can 
you identify the impossible figure? No 
simple proof of its impossibility has yet 
been found. (The tower is not the impos
sible one, although it is difficult and may 
have a unique solution except for a triv
ial reversal of two pieces that together 
form a mirror-symmetrical shape.) Next 
month I shall identify the impossible 
figure and give the tower pattern I first 
received from Klamer. I hope readers 
will preserve any solution they find for 
the tower and send it to me if it differs 
from the one to be shown next month, 
and will let me know at once if they dis
cover more than one basic pattern. Solu
tions obtainable by reflection of the 
entire figure are not, of course, counted 
as different. 

Many striking symmetrical shapes can 
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RHOMBUS 

ANNULUS 

TRIANGLE 

GRAPES 

TOWER 

INK BLOT 

RUG PYRAMID 

Pattems to be formed with tetrahexes, all but one of them possible 
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be formed with the 22 pentahexes [see 
illustration below]. The "rug" (which 
can be bisected, the two parts being 
placed end to end to form a longer, 
narrower rug) was discovered by Robert 
G. Klamer (father of David Klamer). 
The other patterns are from Christoph 
M. Hoffmann of Hamburg, Germany. 

RHOMBUSES 

RUG 

CHRISTMAS TREE 
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Note that the two rhombuses can be put 
together differently to make a 5-by-22 
rhombus. (This bisected rhombus and 
the rhombus cut into two triangles were 
solved in different ways by Marlow.) 
Neither the tetrahexes nor the penta
hexes have the required area to form 
a hexagon, but both Marlow and Miss 

Schwartz discovered that a hexagon of 
side 4 could be made by combining the 
seven tetrahexes with the three trihexes. 

Turning to polygonal units that are not 
regular, we find that the simplest are the 
isosceles right triangles. They can be 
jOined either at their sides or along their 
hypotenuses. We shall speak of the sides 

TRIANGLES 

POPCORN BALLS 

CRESCENT MOON 

Some patterns to be formed with penta hexes 
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((It's not German. 
How good 

could it be?" 

No one who has ever been on a 
French railroad, flown in a Caravelle 
jet or sailed on a French ocean 
liner would talk like that. 

Yet there are people around 
who think France is practically a 
nation of chefs and painters. 

Even if that were true, con
sider: W hat makes a great chef 
great? Or a painter, for that matter? 

The answer, obviously, is a 
frightening, almost inhuman fin
ickiness. 

Now is it reasonable to assume 
these same people who worship 
meticulousness in all other things, 
would suddenly not care how they 
put a car together? 

Renault is the world's seventh 
largest car- maker. 

We sell more Renaults in Swe
den than Sweden sells Volvos in 
France. (About 7,700 to 1,000 in '66) 

We sell more Renaults in Ger
many than Germany sells Volks
wagens in France. (About 55,000 to 
10,000 in '66) 

The Renault 10 is very far 
from being a piece of French pastry. 

It has a five main-bearing en
gine that can do over 80 all day long 

without whimpering. 
It gives an honest 35 miles to 

the gallon. 
It has a sealed, liquid cooling 

system that will not boil or freeze. 
It has disc brakes and inde

pendent suspension on all four 
wheels. 

It also has some things that 
aren't absolutely necessary for 
sheer transportation: Four doors in
stead of two. Ridiculously (by some 
standards) plump seats. A little 
more leg room. 

Without these little conces:
sions to creature comforts, a car, to 
us, simply isn't civilized. It is the way 
we do things in France. 

Understand. Some very fine 
cars have and still do come out of 
Germany. 

We just hate to think anyone 
wouldn't at least test drive the 
Renault 10 just because it's French. 

Be assured that we take our 
cars every bit as 
seriously as �e IRENAULTtl take our souffles. . . 

$1647 Eastand Gulf Coast P.O.E. Slightly higher on West Coast. Whitewalls, AUTOMATIC TRANSMISSION optional 
For nearest dealer or information on overseas delivery, write Renault, Inc., Box 12 ,750 Third Ave.; NYC 10017 
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"ODD" TETRABOLOES 

The 14 distinct tetraboloes 

as s edges and the hypotenuses as h 
edges. This family of pieces was first dis
cussed in print by Thomas H. Q'Beirne 
in New Scientist, December 21, 1961, 
in a column on recreational mathematics 
that he then contributed regularly to the 
magazine. The pieces had been sug
gested to him by S. J. Collins of Bristol, 
England, who gave the name "tetrab
oloes" to the order-4 set because the 
Diabolo, a juggling toy, has two isos
celes right triangles in its cross sec
tion. This implies the generic name 
"polyaboloes." There are three diab
oloes, four triaboloes and 14 tetrabo
loes. So little work has been done on the 
polyaboloes that I cannot report with as
surance on the number of pentaboloes. 
A letter from Hermann Rahn and Mary 
L. Taggart in 1965 expressed the belief 
that there are 108. I shall assume that 
this is correct unless someone is able to 
prove otherwise. 

The set of 14 tetraboloes, illustrated 
above, has a total area of 28 s-unit 
squares or 14 h-unit squares. Since nei
ther 14 nor 28 is a square number there 
is no possibility of forming a square with 

the complete set. A 2s-by-2s square has 
the right area to be formed with two tet
raboloes, but this proves to be impossi
ble. There are three squares that can be 
formed with subsets of the complete 
set [see illustration below]. If the reader 
will make a set of cardboard tetraboloes, 
he will find that it can be a pleasant task 
to d�scover patterns for these three 
squares. The smallest square has only 
two solutions and the number of solu
tions for the two larger ones is not 
known. 

The illustration on the next page 
shows all the rectangles with s-edge 
sides that have the proper area to be 
formed with the full set or a subset of 
the 14 pieces; the illustration on page 
132 shows all such rectangles with h
edge sides. Note that the la�gest-area 
rectangle of each type, calling for all 14 
pieces, is said to be impossible. I shall 
give a remarkable proof of this that was 
discovered by Q'Beirne and explained 
in his column of January 18, 1962. 

Most impossibility proofs fOJ poly
omino figures depend on a checkerboard 
coloring of the figure, but in this case 

Squares with tetra bolo solutions 
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such a coloring is no help. O'13eirne's 
proof focuses on the number of h edges 
possessed by the full set of pieces. If each 
piece is placed so that the sides of its 
unit triangles are vertical and horizontal, 
as in the top illustration on the preceding 
page, its h edges will slope either up to 
the right or up to the left. Piece A has no 
h edges. It and the next eight pieces 
(B, C, D, E, F, G, fl, l) are called "even" 
pieces because each of them has an even 
number of 11 edges sloping in each direc
tion. (Zero is considered an even num
beL) The last five pieces (J, K, L, M, N) 
are "odd" because each has an odd num
ber of h edges sloping in each direction. 
13ecause there is an odd number of odd 
pieces, it follows that no matter how the 
entire set is arranged in a pattern with 
its s edges oriented orthogonally, there 
will always be an odd number of 11 edges 
sloping one way and an odd number 
sloping the other way. 

Now consider the two rectangles that 
require the full set of 14 pieces. Clearly 
on each rectangle there must be an even 

number of 11 edges sloping in each di
rection. Within each rectangle every h 
edge is paired with another 11 edge slop
ing the same way and therefore the 
number of internal h edges, of either 
type, must be even. And on the rectangle 
that has a perimeter of h edges we count 

2x3 

2 x 4 

lIfi3S] I 
2 x 5 

arm· I 
2x6 

2 x (7 TO 14) 

an even number of each type along the 
perimeter. Neither rectangle, therefore, 
can be made with the 14 pieces. The 
proof is a powerful one, for it applies not 
only to the two rectangles but also to 
any 14-piece figure with bilateral sym
metry. 

The gray rectangles below that have 
a height of two s units and a width equal 
to or greater than seven can be proved 
impossible by observing that six pieces 
(B, D, E, G, M, N) cannot be placed 
within any of them without dividing the 
field into areas that are not multiples of 
two s-llnit squares. Therefore they can
not appear in the pattern. The remaining 
eight pieces can contribute a maximum 
of 17 s edges to the perimeter. But the 
two-by-seven rectangle has a perimeter 
of 18 s edges, one more than this subset 
can provide. 

A sample pattern is shown for all s
edge and h-edge rectangles for which 
solutions are known. Are the four blank 
rectangles possible? Each calls for 12 
pieces, which means that one "odd" 
piece and one "even" piece must be 
omitted. The three-by-eight rectangle 
below may be impossible, because its 
large perimeter severely limits the num
ber of ways pieces can be placed, but no 
impossibility proofs for any of the four 
blank rectangles are known, nor have 

R IIIIIII 
3x8 

solutions been found. If the reader finds 
a pattern for any of them, I should be 
pleased to receive it. I cannot reply to 
such letters, but I shall report on them in 
a later column. 

More ambitious readers may wish to 
tackle a difficult square pattern proposed 
by O'13eirne. Discard the six symmetrical 
shapes that are unaltered when they are 
turned over and consider only the eight 
asymmetric shapes: D, F, fl, I, ], K, M 
and N. Since their combined area is 16 
s-unit squares, they might form an order-
4 square, but such a square has 16 s units 
in its border whereas the eight pieces can 
contribute no more than 12 s units to the 
perimeter. Suppose, however, we con
sider each piece in its two mirror-image 
forms, making a set of 16 pieces in all. 
Pieces may not, in this case, be turned 
over; that is, each "enantiomorphic" pair 
must be used as a set of two mirror 
images. The 16 pieces have a total area 
of 16 h-unit squares. Will they form 
a square with sides of four h units? 
O'Beirne found that they would, but 
such patterns are extremely hard to 
come by and none has been published. 
One will be shown next month. The 
total number is far from being known. 

The tetraboloes also provide an an
swer-perhaps the simplest-to an un
usual question asked in 1963 by C. 

4x5 

4x6 

4 x 7 

Tetrabolo rectangles with s-edge borders. Gray rectangles have been proved to have no solutions 
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We know how it is. 
You expect your bag to get off 

the plane 30 minutes after you 
do. 

You've been brought up by 
the wrong airlines. 

We built American with the 
professional traveller in mind. 
And heavy fliers don't laugh off 
any 30-minute waits. 

So, we "choreographed" ev
ery baggage team American has. 

You've got to learn to trust us. 

We plotted just where the 
truck should be when the plane 
stops. And mapped out every 
move for every man. 

And drilled each team into a 
crack unit that got every bag off 
the plane-and back to its owner 
-in 7 minutes. 

When you're after the man 
who buys 50 tickets a year, you 
sit up nights thinking about little 
things like this. 

American Airlines 

And yet you don't have to be 
a heavy flier yourself to get the 
same treatment. 

The moment a Travel Agent 
books you on American, you'll 
look like a professional traveller 
to us. 

The airline built for professional travellers. (You'll love it.) 
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Rectangles with h·edge borders. Gray olle is impossible 

Dudley Langford of Ayrshire, Scotland, 
and passed on to me by a British mathe
matician, H. Martyn Cundy. Langford 
wanted to know if there are four shapes 
of equal area, no two of them alike (mir
ror images not being considered dif
ferent), that can be put together in four 
different ways to make four larger rep
licas of each shape. All four pieces must 
be used in each replica. I discovered a 
simple solution with a set of four tetrab
oloes. Can the reader pick out the four 
and show how they replicate themselves 
before the answers are given next 
month? 

The magic numbers used in the light-
ning multiplication tricks given last 

month operate on a principle best ex
plained by examples. The number 142,-
857,143 is obtained by dividing 1,000,-
000,001 by 7. If 1,000,000,001 is 
multiplied by any nine-digit number, 
abc,def,ghi, the product obviously will 
be abc,def,ghi,abc,def,ghi. Therefore in 
order to multiply 142,857,143 by abc,
def,ghi we have only to divide abc,def,
ghi,abc,def,ghi by 7. 

The second magic number, 2,857,143, 
is equal to 20,000,001 divided by 7. It 

is easy to see that in this case a seven
digit multiplier of 2,857,143 must be 
doubled before the first division by 7 is 
made. Insisting that each digit of the 
multiplier be greater than 4 (thus en
suring that there is always 1 to carry as 
each digit is doubled) makes possible 
the doubling procedure explained last 
month. Without this proviso it is still 
possible to double and divide in the 
head, but the rules are more compli
cated. 

The smaller magic numbers 143 and 
1,667 operate in similar ways. The first 
is equal to 1,001/7 and the second to 
5,001/3. In the second case the multi
plier, abc, must be multiplied by 5 before 
the first division by 3 is made. Since 
multiplying by 5 is the same as multi
plying by 10 and dividing by 2, we add 
a zero to abc and divide by 6 as ex
plained last month. The remainder must 
be halved, to convert it from sixths to 
thirds, and brought to the front for the 
second division, which is by 3. The fact 
that the second division is by a different 
number prevents the quotient from 
"stuttering," something that always oc
curs if 143 is used and the multiplier, 
abc, happens to be a multiple of 7. 
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• • . THAT'S THE NUMBER OF 
Career achievement and satisfaction are lifetime mat
ters. To plan a course of action that makes the most of 
the 1.5 x 104 days in your career, consider the engineer
ing opportunities and diversification at SYLVANIA 
ELECTRONIC SYSTEMS. 
o Job opportunities cover the scientific disciplines, 
engineering specialties, and technical management posi
tions. Promotion comes from within, whenever 
possible. 
o Military and civilian programs span the 
spectrum from space communications and 
lasers to manpack radios and information 
handling. 
o A balanced backlog of large systems 
programs and smaller research and devel
opment efforts keeps Sylvania Electronic 
Systems growing at a smooth steady pace. 

An equal opportunity employer 

TOMORROWS IN YOUR CAREER 
o Your education can continue with company sup
port. And you will be encouraged to publish your work 
in the 'nation's finest professional journals. 
SYLVANIA ELECTRONIC SYSTEMS has major centers in 
suburba

'
n Boston, Buffalo and San Francisco . . . within 

minutes driving to leading colleges and universities. Plan 
to talk to our representative when he's on campus. For 

additional information, see your college placement 
officer or write to, Manager, Professional Staff

ing, Sylvania Electronic Systems, Division of 
Sylvania Electric Products Inc., 40 Sylvan 
Road, Waltham, Mass. 02154. 
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SYLVANIA ELECTRONIC SYSTEMS 
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What in the world 
is Raytheon doing 
with infrared energy? 
For one thing ... char-broiling meats up to 30% 
faster than conventional methods with less shrink
age and better taste. Gas ranges from Caloric Corpo
ration, Raytheon's newest subsidiary, are now avail
able with this patented Ultra-Ray® broiler that 
converts ordinary gas fuel into efficient infrared 
energy. This is only one example of how 
Raytheon is finding new applications for 
IR technology. Others include a revo
lutionary infrared scanning system for 
the precise inspection of complex micro-

Caloric Ultra·Ray Burner is covered by U,S. Patent No. 3,122,197 
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electronic components, and a unique system for 
monitoring speed on the highways. In addition, 
Raytheon infrared detectors are key elements in 
airborne mapping equipment, are used in major 
missile systems, and find wide acceptance for basic 
and applied research in industry. Developing new 

uses for energy sources is just one 
part of Raytheon's diverse research and 
development activity in commercial, 
industrial, and military fields. Raytheon 
Company , Lexington, Massachusetts. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

Most human beings spend the 
greater part of their lives in the 
bottom six feet of the earth's at

mosphere, and yet until recently little 
effort was made to describe and under
stand the distinctive climatic features of 
that narrow zone. Many clues were vir
tually unnoticed. For example, when a 
man walks his dog on a clear day in 

A sensitive electronic thermometer used 
for making a study In lnicrolneteorology 

spring, the animal may pant abnormally 
and otherwise appear to be suffering 
from heat, even though the air feels cool 
and dry to the man. A look at a thermom
eter might reveal a temperature of about 
70 degrees Fahrenheit at the level of the 
man's eyes. 

The explanation of the dog's discom
fort becomes apparent if one stretches 
out on the grass. The ground will feel hot 
and moist, as will the air. The tempera
ture near the surface may be in the 90's 
and the relative humidity close to 100 
percent. 

Two areas no more than a few hun
dred feet apart can exhibit wholly differ
ent climatic conditions, depending on 

10 

the local soil, wind and sunlight and 
such factors as surface evaporation and 
transpiration by plants. Factors that in
fluence climate near the surface are of 
concern to truck farmers, gardeners and 
viniculturalists, and to those interested 
in soil conditioning, flood control and 
erosion c6ntrol. 

Until about 25 years ago no data were 
available on the small-scale aspects of 
climate, nor had instruments been de
veloped for measuring the several vari
ables. Since then the new discipline of 
micrometeorology has evolved rapidly; 
it now has many specialists, including a 
number of enthusiastic amateurs. One of 
the latter is Douglas A. Kohl, an engineer 
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Arrangement of the germanium.diode mount.ings 

with Litton Industries in Minneapolis, 
Minn. 

Recently Kohl has been investigating 
the effect of sunlight on air at low alti
tude. Everyone feels quick fluctuations 
in the temperature of the air from time 
to time, often several a minute. Usual
ly the effect is dismissed as being caused 
by puffs of hot and cold air, even in the 
absence of a breeze. Kohl has developed 
a novel electronic thermometer, capable 
of rapid response, for investigating the 
nature of the fluctuations. He writes: 

"Weather is powered by sunlight. On 
the average the earth intercepts the 
equivalent of about 1,400 watts of solar 
energy per square meter per minute. 
That energy is usually expressed as the 
'solar constant.' It amounts to 1.95 calo
ries per square centimeter per minute. 

"A portion of this vast inpouring of 
energy heats the earth's surface, which 
in turn warms the air and so gives rise 
to the large-scale aspects of weather. An
other portion heats the air directly. The 
extent of the heating in any 'domain,' or 
particular volume of air, is largely deter
mined by the amount of dust and vapor 
held in suspension. The density of the 
suspended substances tends to vary. As 
a result the air is warmed unevenly in 
small volumes. 

"The presence of these domains can 
be detected and their size determined 
by means of a sensitive thermometer. As 
air in the first few feet of the atmosphere 
drifts past the sensing element of the in
strument the pointer fluctuates constant
ly in response to 'temperature noise.' At 
my geographical location the daytime 
fluctuation ranges from a maximum of 
about one degree F. in bright winter 
sunlight to 10 degrees in June. Rates of 
temperature change amounting to more 
than two degrees per second have been 
recorded. 

"The sensing element of the instru
ment consists of a string of germanium 
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diodes connected in series. The elec
trical resistance of the string varies in
versely with temperature. The assembly 
constitutes one of the four arms of a 
Wheatstone bridge. A galvanometer con
nected across the bridge circuit is cali
brated to indicate the average tempera
ture of the diodes as the bridge loses 
balance; the galvanometer thus functions 
as a conventional thermometer. The volt
age that develops across the diodes is 
also applied to the input terminals of a 
transistor amplifier. A galvanometer con
nected to the output terminals of the am
plifier measures temperature 'noise' (dT), 
or transient changes in temperature. 

"I selected germanium diodes for 
sensing temperature. Types 1N272, 
1N276 and 1N995 are satisfactory. Ger
manium diodes are relatively inexpen
sive; they are also rugged and sealed 
against weather. Their response time to 
changes in temperature tends to vary 
somewhat with type but is measured in 
seconds. I made up two strings of differ
ing configuration. One consisted of 13 
diodes strung five feet apart on a wire 75 
feet long for sensing temperature in a 
straight line. The second unit was as
sembled as a cluster of 13 diodes in a 
three-inch square that approximates a 
'point' sensor. The potential that devel
ops across the diodes varies in direct pro
portion to the temperature. From -U 
to 100 degrees F. the potential decreases 
one volt; the change can be measured ac
curately by an inexpensive meter without 
amplification [see illustration on preced
ing page] . 

"Power for the instrument is drawn 
from a conventional U5-volt, 60-cycle 
line through a filament transformer. The 
output of the transformer is converted 
to direct current by a diode, and the po
tential of the filtered output is held con
stant by a pair of voltage-regulating 
Zener diodes connected in tandem. The 
output current is then split into two 

paths: the string of diodes and a series 
of six fixed resistors that function as a 
voltage divider. Taps connected between 
five of the resistors connect sequentially 
to the galvanometer through a rotary 
switch. The arrangement enables the op
erator to observe any one of fOl.J.r tem
perature ranges between -32 and 101 
degrees F. 

"Current through the sensing diodes 
is limited by a fixed resistor of 10,000 
ohms ["10 K" in illustration on preced
ing page]; the resistor passes a constant 
current of 1.7 milliamperes. A current of 
25 millionths of an ampere drives the 
pointer of the galvanometer to full scale. 
Because current drawn by the meter is 
small compared with the current of the 
diodes, the accuracy of the instrument 
is not impaired by including the meter 
in this portion of the circuit. The circuit 
could have been designed so that the 
full range of temperature from -32 to 
101 degrees would have been covered 
by the three-inch scale of the meter. 

"The insertion of the range switch 
increases the effective length of the scale 
to 12 inches and, at minor cost in terms 
of operating convenience, proportionate
ly increases the accuracy with which ob
servations can be made. Fixed resistors 
of the type guaranteed to be within 1 
percent of the rated value were used in 
the construction not because this accu
racy is required but because resistors of 
this quality have good stability-they are 
less likely to change with age. Although 
the circuit is not critical with respect to 
the value of the components, the range 
of temperature indications depends di
rectly on the values of the 220-ohm and 
15,000-ohm resistors. 

"A .01-microfarad capacitor is con
nected across each of the temperature
sensing diodes to protect the diodes 
against surges of current that may be in
duced in the circuit by strokes of light
ning. For the same reason a good elec
trical connection must be made between 
the G terminal and the ground. The di
odes are mounted under a supporting 
block of Styrofoam that in turn is sup
ported by a shiny cover of light-gauge 
sheet aluminum. The end tabs of the 
aluminum are folded up and perforated 
to pass the suspension wire on which 
the units are strung. The Styrofoam 
block hangs below the wire, thus pro
tecting the diodes from direct sunlight 
and weather. 

"The ceramic bypass capacitor is 
pushed into a knife slit in the foam and 
held in place by a dab of casein cement. 
The leads of the capacitor are soldered 
to the leads of the diode and pushed 
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HELP WANTED 
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THE DESERT BLOOM 
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Autonetics needs scientific, engineering, and program
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through the Styrofoam block [see illus
tration on page 136]. In the case of the 
point sensor a single protective capacitor 
can be connected across all 13 diodes. 
When solder connections are made, the 
leads to the diodes should be gripped be
tween the jaws of a pair of pliers that will 
act as a heat sink and so protect the diode 
from a damaging rise in temperature. 

"A single-stage amplifier is used to 
couple the changing diode voltage that 
is developed across the terminals M and 
G to the galvanometer or to a pen re
corder. Changes in voltage across these 
terminals are coupled to the 2N338 sili
con transistor through the 2,000-micro
farad capacitor [see illustration below]. 
The amplifier accordingly responds only 
to alternating current and therefore only 
to changes in temperature (dT), not to 
steady-state values of average tempera
ture. 

"After the apparatus has been con
structed the base current of the transistor 
must be adjusted (with the input leads 
disconnected) by altering the setting of 
the 10,000-ohm potentiometer until the 
meter or recorder, which is connected to 
the output, indicates a deflection of ap
proximately half scale. This position of 
the pointer or recording stylus represents 
the zero position of the scale. Changes in 
temperature are represented by excur
sions above and below this zero position. 

The 1N457 silicon diode connected in 
series with the potentiometer provides 
temperature compensation for the tran
sistor. The two remaining diodes protect 
the output meter from damage by exces
sive voltage. The pointer or pen of the 
output meter will move away from the 
zero position when the amplifier is con
nected initially to the M and G terminals 
but will return within about 30 minutes 
when the circuit operation has stabi
lized. 

"Some current may leak through the 
2,000-microfarad capacitor. If so, a small 
change in bias may be needed to restore 
the zero position of the output meter 
after the circuit has stabilized. Make the 
change by adjusting the potentiometer 
without disconnecting the input leads 
of the amplifier. An occasional 2,000-
microfarad capacitor may conduct an 
abnormally large current. In this case 
insert a three-volt battery in series with 
the input lead that connects to the M 
terminal. After the battery has been in
serted adjust the bias to restore the zero 
setting of the output meter. 

"To calibrate the instrument connect 
the point sensor, set the range switch to 
the range between 30 and 74 degrees 
and measure the room temperature with 
a conventional mercury thermometer. 
Observe the meter indication and the 
temperature. Make a note of the two 
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readings. Then place the point sensor 
and the thermometer in an environment 
of a different temperature, such as a 
kitchen refrigerator, and similarly list 
the corresponding readings. 

"I learned by experiment that the sys
tem is linear: the meter indications vary 
in direct proportion to the temperature. 
For this reason the measurement of only 
two temperatures is enough to plot a 
graph that relates temperature to the 
meter indications. Repeat the calibration 
procedure for each of the remaining 
three ranges. The freezing compartment 
of the refrigerator can be used to pro
vide the lowest temperature and the 
kitchen oven the highest. 

"With the electronic thermometer cali
brated it is easy to calibrate the output 
meter of the amplifier. Connect a 100,
OOO-ohm rheostat across the M and G 
terminals. By turning the knob of the 
rheostat quickly it is possible to change 
the voltage across the M and G terminals 
sufficiently to cause the pointer of the 
previously calibrated meter to move a 
distance equivalent to a temperature 
change of one degree. The recorder sty
lus or meter connected to the output of 
the amplifier will then also move the 
equivalent of one degree. Record this in
dication. 

"Repeat the procedure, turning the 
potentiometer enough to cause a deflec
tion of five degrees. Record the result 
and plot the calibration graph. The value 
of the 1,000-ohm resistor that is con
nected across the output terminals of 
the amplifier (to which the meter con
nects) may be increased or decreased 
to a value that causes the stylus or point
er to swing full scale for a desired tem
perature excursion, such as exactly five 
degrees or 10 degrees. 

"The pen recorder I use swings full 
scale on a current of 100 microamperes, 
which occurs when the drop in voltage 
across the 1,000-ohm resistor is .5 volt. 
If one removes or changes the 1,000-ohm 
resistor, the unit will drive any inexpen
sive recorder, such as the Amprobe in
strument with a range of from zero to 
one milliampere. (This recorder is made 
by the Amprobe Instrument Corpora
tion, 630 Merrick Road, Lynbrook, N.Y. 
11563.) The output current can be in
creased still more by adding a stage of 
amplification, such as the one shown at 
the lower right in the accompanying il
lustration [left] .  The value of R in the 
illustration establishes the output cur
rent and is determined experimentally to 
produce the desired deflection of the re
cording pen. One can make the value of 
R as low as 680 ohms. At this value the 
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Want to help 
• • 

engIneer a new era In 
jet transportation? 

Boeing has won the design 

competition for America's 

supersonic transport. The 

Boeing SST, featuring a vari

able-sweep wing, involves many 

new concepts and innovations 

in design and manufacturing. 

The supersonic transport 

isn't the only advanced program 

at Boeing, however. The 350-

to 490-passenger 747 is in de-

tail design and the early stages 

of tooling, and the new Boeing 

Apply yourself. 
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engineers. Qualifications in

clude a degree in engineering 

or college-level engineering 

study supplemented by exten

sive related experience. Moving 

and travel allowances are paid 

to newly employed personnel. 

The Boeing Company is an 

equal opportunity employer. 

737 short-range jetliner is in 

flight test. Other jetliner pro- I 
grams are in various stages of 

accelerated activity. Boeing is 
------------------

These assignments are with 

Boeing's Commercial Airplane 

Division in the Seattle-Puget 

S o u n d  a r e a ,  w h e r e  a m i l d  

climate encourages golfing, 

fishing and boating all year 

long. Other outdoor activities 

abound in season, such as 

expanding rapidly to meet the needs of a commercial backlog 

of more than $4 billion, largest in aviation history. 

Immediate openings exist on all these programs for structural 

designers, mechanical equipment designers (especially controls 

and hydraulics), tool designers, stress analysts, manufacturing 

process planners, manufacturing research and development en

gineers, weights engineers, propulsion engineers, and acoustics 

skiing, camping and hunting. Seattle's Opera House, Repertory 

Theatre, Symphony and Pacific Science Center are nationally 

acclaimed. Seattle-area schools are top-ranked. 

Please fill in and mail the coupon today. A Boeing Company 

representative will get in touch with you. In Europe, please mail 

your coupon to Mr. C. Mangum, Boeing International Corpo

ration, 17 Avenue Matignon, Paris 8, France. 

COMMERCIAL AIRPLANE DIVISION 

Other Divisions: Missile & Information Systems . Space . Vertol • Wichita . Also, Boeing Scientific Research Laboratories 
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Afternoon and evening of weath ey clear: 570 
Jllne 3, 1966, 

Central Daylight Time 

Graphs 0/ light (md temperature recorded by the thermometer 

output current would be 10 milliam
peres. 

"The thermometer and the recorder 
can be used with either the line array or 
the cluster of diodes without change in 
calibration if all diodes are bought at 
the same time from a single supplier. 
The line sensor provides a more accu
rate measure of average steady-state 
temperature than the point cluster does 
because the sensor averages tempera
ture over a much larger volume of air. 

"Simultaneous recordings were made 
of both temperature and sunlight. Sun
light was picked up by a photocell 
that actuated a second recording stylus. 
In the accompanying illustration [above 1 
the photocell trace appears at the top 
and the trace of the temperature noise 
below. The overall dependence of tem
perature noise on the intensity of sun
light is evident in each day's record
ings. This observation suggests that 
direct sunlight must reach the lower at
mosphere to produce heating. Although 
the illumination of the sky increases con
siderably before sunrise, the tempera
ture noise does not appear until the sun 
rises several degrees above the horizon. 
Frequently the sunrise effect generates 
one of the largest temperature excursions 
of the day. 
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"Analysis of the continuous recordings 
made during the four seasons last year 
led to several generalizations about tem
perature noise. The amplitude of the 
temperature noise increases as the sun 
climbs toward its zenith and usually 
reaches a maximum about an hour after 
noon. As I indicated earlier, at 'Minne
apolis the maximums range from one de
gree in December to about 10 degrees in 
June. 

"The movements of cirrus-cloud layers 
indicate that temperature noise varies 
in direct proportion to sunlight. When 
sunrise is obscured by high overcast, the 
noise is absent. The fluctuations tend to 
follow long-term changes in general il
lumination. Apparently the intensity of 
direct solar radiation must reach some 
threshold in the lower atmosphere be
fore domains of heated air appear. 

"The suppression of temperature noise 
becomes most apparent when cumulus
cloud shadows drift in to cover the sen
sors. vVithin seconds of the arrival of the 
shadow the noise level begins to fall. 
Conversely, it increases to its fonner 
level promptly when the shadow passes 
and the sunlight reappears. This finding 
suggests that heat is rapidly dissipated 
by the domains and-a more significant 
fact-that the domains are heated direct-

ly by solar radiation and not by contact 
with the ground. In order to check this 
conclusion I placed the sensors in local 
shadow by erecting cardboard shields 
five feet above the germanium diodes. 
The shadows had no effect on the record
ed amplitude of the temperature noise. 

"The largest amplitudes of tempera
ture noise I have recorded came on sum
mer days when vigorous cumulus-cloud 
activity was observed and when numer
ous cloud shadows swept across the area. 
Even on days of fair weather and bright 
sunshine, however, the differences in the 
amplitude of temperature noise were as 
much as threefold. None of the conven
tional meteorological data-such as av
erage temperature, relative humidity, 
barometric pressure and so on-changed 
comparably. 

"Some temperature noise is present 
at all hours, although the amplitude is 
much greater during daylight. Average 
temperatures ranged from -26 to 97 de
grees F. during the year, but the noise 
amplitudes were independent of average 
temperature and dependent on the in
tensity of sunlight. Temperature noise is 
also present at all wind velocities. The 
size of the domains is largest on windy 
days. The amplitude of temperature ex
cursions during days of near calm ap
proached those observed on windy days, 
but on calm days the period of the fluc
tuations increased to more than 10 min
utes in contrast to normal periods of 
about 30 seconds. 

"The minimum temperature noise was 
observed during each of several fogs. 
Peak-to-peak recordings of less than .05 
degree F. for a continuous period of 
three hours were made during one fog 
even though the velocity of the wind 
reached 10 miles per hour. Rain, snow, 
blizzards and blowing snow under heavy 
overcasts produce very little temperature 
noise. Although thunderstorms produce 
large fluctuations in the average tem
perature, they generate little tempera
ture noise. 

"An important continuing area of 
study is the correlation of temperature 
noise and the density of dust in the at
mosphere. Nighttime periods of com
paratively intense noise occurred when 
dust clouds of low altitude were visible 
in a searchlight. This observation sug
gests that differences in daytime heating 
may depend on the denSity of matter 
suspended in the atmosphere. 

"The size of the heated domains was 
estimated by multiplying the period be
tween temperature minimums by the 
average wind velocity at the time of ob
servation. They averaged about 300 feet 
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FOR LEADERSHIP OPPORTUNITY 
At the Fort Worth Division of General Dynamics, 

continuing research efforts are directed at 
further enhancing the pioneer F-l11 swing·wing 
concept. This research encompasses many 
technologies and will have notable long range 
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superior creative engineering or scientific 
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in diameter. The longest measured one 
mile. The size appears to vary inversely 
with the noise." 

The problem of providing a truly sta-
ble mounting for a telescope has 

long preoccupied amateur astronomers. 
Among many designs is one recently 
made by Edwin Snead of Houston, Tex. 
He claims for his mounting the virtues 
of rock-solid stability, economy and ease 
of construction. Snead writes: 

"For a long time I have wondered 
why amateur astronomers invest so much 
time and effort in precision optics only 
to have the quality of these optics largely 
wasted by an unsteady mounting. The 
best tripod mounts I have seen required 
completely 'hands off' viewing., Focusing 
in particular seems to be a trial-and
error process, because the vibration in-

rubber 
band 

duced by moving the eyepiece makes for 
a blurry image that persists for some time 
after the hands are removed. 

"Generally the observer will be stand
ing or sitting in some rather awkward 
position, so that it is difficult for him to 
keep his eye precisely aligned with the 
eyepiece without actually touching it. 
When he does touch it, the field erupts 
into a smear, and he must back off and 
approach cautiously again. All this 'mi
cromaneuvering' had a tendency to give 
me a stiff neck and to reduce the pleasure 
I got from the telescope, so I started 
looking for a better kind of portable 
mounting. 

"One day I was watching a war story 
on television and was struck by the fact 
that a mortar has almost exactly the 
mounting system I was looking for. I 
co�ldn't find any old mortars in the local 

and-.:;ocket 
jo int 

Edwin Snead's telescope mOllnting 
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war surplus stores, but while I was still 
looking for one I happened to be in 
Boston and to visit the U.S.S. Constitu
tion. I was particularly interested in the 
guns. Each gun was mounted in a wood
en carriage with the stair-step sides I had 
seen before but never understood. On 
the Constitution their purpose is clear, 
because each gun position has two crow
bars and a wooden wedge handy. To ad
just the elevation the gunners placed the 
crowbars under the breech of the gun 
and then, using the wooden carriage 
sides for a fulcrum; they levered the gun 
into the correct position and slipped the 
wooden wedge under the breech to hold 
it. So my search for the ideal portable 
telescope mount ended with an idea 
from a IS0-year-old piece of naval equip
ment. 

"For $10 I bought a three-inch reflect
ing telescope made by a well-known toy 
manufacturer. This telescope came with 
a ball-joint mounting that was intended 
to be attached to the back of a chair or 
to a stepladder. I next collected some 
IJ�-inch-by-�8-inch wood lath, some ��
inch-by-IJ�-inch molding, some l4-inch 
bolts and a few wood screws, and went 
to work in the middle of the living room. 
All the necessary tools were in a small 
box I keep around the house for hanging 
pictures and repairing door latches. 

"The two-directional wedge design 
gave me a good bit of trouble, so I decid
ed to go ahead with the elevation wedge 
and work out the azimuth wedge later. 
In order to test the elevation wedge, I 
built a flat area at the bottom of the 
tripod for the wedge to rest on while it 
supported the lower end of the telescope 
[see illustration at left]. Then, to hold 
the telescope tight against the wedge 
and to keep the wedge from falling out, I 
stretched a rubber band over the bottom 
of the telescope. The elevation wedge 
worked perfectly. I could adjust the en
tire tripod enough (by lengthening or 
shortening the single front leg or by 
moving it forward or backward) so that 
the target could be brought into the field 
by adjustment"of the elevation wedge. 

"Then, as I moved the elevation 
wedge right and left, trying to figure out 
how to build an adjustable slot for it to 
travel in, I realized that I was having no 
trouble getting the wedge to remain 
where I had left it anywhere in an arc of 
two inches right or left. The rubber band 
caused sufficient friction to hold the 
wedge in place but stretched enough to 
allow plenty of lateral movement for fine 
adjustment. Before I had even tackled 
the difficult part of the job the design 
was complete." 
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At Martin Marietta, you might be turning on 
our new $5-million space simulation laboratory 

We could talk to you about great 
location, climate and recreational 
facilities (we have them). But we'd 
rather talk about the remarkable en
vironmental opportunities at Martin 
Marietta for top creative engineers 
and scientists. 

For example, our new space simu
lation chamber, operational this 
spring, will duplicate temperatures 
and vacuum found in space. 

With this new tool, Martin Marietta 

space engineers and research scien
tists can determine precisely how 
materials, components and systems 
respond in spacelike vacuums. 

The new chamber will take spec
imens up to 25,000 lb. It is 29 ft. 
in diameter by 45 ft. high. Inside 
pressures can be reduced to one 
one-h undred-mil lionth of a milli

. meter of mercury. 
One of its first jobs will be on a 

new research contract for NASA. No 

question, it will be busy. We have a 
lot of things doing ... both in and 
out of space. 

Martin Marietta is an exciting 
place to work-in space systems, 
missiles, rocketry, communications, 
guidance systems, materials develop
ment. Write to George F. Metcalf, 
Vice President-Professional & Man
agement Relations, Martin Marietta 
Corporation, Aerospace Group, 
Friendship Airport, Md. 21240. 

Martin Marietta is an equal opportunity employer. IWARTIIV IWARIETTA 
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5595, INTERNATIONAL DICTIONARY OF 
APPLIED MATHEMATICS, Over 8,000 entries 
on major concepts of applied mathematics. 
1177 oversize pages. Indices in four languages. 
List Price $25.00. 

5383. HUMAN BEHAVIOR. Berelson and 
Steiner. The famous book offering over 1,000 
scientifically substantiated facts about how 
we behave in almost every activity of life. 
List Price $13.25. 

6314. MODERN SCIENCE AND TECHNOL
OGY. A vast spectrum of the achievements in 
the physical sciences-by distinguished leaders 
in each field. 583 photographs and drawings. 
746 pages. List Price $22 .50 . 

Yours ...  when you enroll in 

THE LIBRARY OF SCIENCE 
Check these advantages of membership: 
V Introductory Offer_ Take any 3 books of your choice from 

among the 17 titles described on this page. Choose from 
outstanding volumes on mathematics, physics, computer 
science, chemistry, astronomy and every other major 
science field. 

V Substantial Savings. As a member, you save up to 40% 
on the books you need in your professional library. 

V Free Bonus Books. Each month you receive information 
about current Selections. Yet you need only buy as few as 
3 more Selections during the next twelve months. And you 
receive a free Bonus Book of your choice for every four 
Selections purchased. (The Introductory Offer counts as 
your first Selection.) 

Fill in and return the Membership Application below, mark
ing the 3 books you would like for only $5.95. Your books 
will be sent without delay - and you will begin to enjoy the 
benefits of membership in this intellectually stimulating, 
money-saving book program for scientists who want to enjoy 
the best reading in their own and related fields. 

�-----------.------------
Membership Application 

The Library of Science 
Front & Brown Sts., Riverside, New Jersey 08075 
Please enroll me as a member and send the 3 Selections circled below. for 
which you will bill me only $5.95 plus shipping. As a member, I need accept 
as few as 3 more Selections during the next 12 months, always at reduced 
Member's Prices plus shipping, and I may cancel membership any time 
thereafter. Each month I will receive information describing the forth .. 
coming Selection, along with a convenient form for requesting Alternate 
Selections or no book at all. I also understand that I may choose a free 
Bonus Book for every four Selections purchased. (Introductory Offer counts 
as first Selection.) 
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City .............................. State ................. Zlp Code ....... . . 
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... Or choose from these other 
outstanding volumes ... 

6258. METHODS OF APPLIED MATHEMATICS. Francis B. Hilde
brand. Revised edition of the acclaimed work on matrices and 
linear equations, calculus of variations, etc. List Price $14.00. 
6395. NATURE OF THE CHEMICAL BOND. Linus Pauling. The 
Nobel Prize winner's brilliant presentation of tne nature of modern 
structural chemistry. List Price $11.50. 
5629. INTRODUCTION TO LASER PHYSICS. Bela A. Lengyel. Com
plete overview of one of this century's most striking inventions and 
its many applications. List Price $8.95. 
5770. THE LANGUAGE OF LlFEITHE BIOCHEMICAL APPROACH 

TO LIFE. Two authoritative views of the "exploding" and closely 
related sciences of genetics and biochemistry. Dual Selection 
cOllnts as 1 choice. List Price $11.90. 
4428. ELECTRONICS FOR SCIENTISTS. Malmstadt, Enke and 
Toren. Gives those with little or no background in electronics a 
working knowledge of electronic devices and circuits. List Price 
$11.95. 
6105. MATHEMATICS DICTIONARY. Edited by Glenn and R. C. 
Jallles. Defines over 7,000 math terms, concepts and relationships. 
List Price $15.00. 
6060. MASERS AND LASERS. M. Brotherton. Brilliant overview of 
the principles and applications of masers and lasers and their im
pact on the physical, medical, and communication sciences. List 
Price $8.50. 
8245. CHAMBERS' TECHNICAL DICTIONARY. Edited by Tweney & 
Hughes. Defines over 60,000 terms in 120 branches of science and 
technology. List Price $7.95. 
6083. MATHEMATICS FOR THE PHYSICAL SCIENCES. Herbert S. 
Wi/f. Unique integration of seven major mathematical disciplines 
that bear directly upon central problems in the physical sciences. 
List Price $7.95. 
3395. ANOMALIES AND CURIOSITIES OF MEDICINE. Gould & 
Pyle. An incredible gallery of physiological and psychological curi
osities and monstrosities, including ossified men, human sala
manders, etc. List Price $15.00. 
39�7. COMPUTER DICTIONA�V: AND HANDBOOK. Charles J. Sippi. 
Indispensable reference contammg over 8,500 explanations of com
puter terms, acronyms and abbreviations. List Price $12.95. 
7810. SEX LIFE OF THE ANIMALS. Herbert Wendt. Remarkable 
!lccount <;If the vast and often incredible processes of reproduction 
In the arumal world -from the amoeba to the elephant. List Price 
$7.95. 
4207. THE DEVELOPMENT OF MODERN CHEMISTRY. Aaron J, 
Ihde. Recreates the key events, 

'
discoveries, and men of modern 

chemistry. Abundantly illustrated. List Price $13.50. 

5630. FAMOUS PROBLEMS OF MATHEMATICS. Henrich Tietze. 
Stunning analysis of classic problems in mathematics, includinJ: 
Fermat's last problem, trisecting an angle. List Price $10.00. 

�------------------------------------------------' 
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by O. R. Frisch 

NIELS BOHR: HIS LIFE AND VVORK AS 

SEEN BY HIS FRIENDS AND COL

LEAGUES. Edited by S. Rozental. 
North-Holland Publishing Company 
and John Wiley & Sons, Inc. ($9). 

NIELS BOHR: THE MAN, HIS SCIENCE, 

AND THE WORLD THEY CHANGED, by 
Ruth Moore. Alfred A. Knopf, Inc. 
($6.95). 

N
o physicist of this century, with 
the possible exception of Einstein, 
has so strongly influenced our 

thinking as Niels Bohr. This influence is 
not limited to physics; Bohr was really a 
philosopher who had chosen physics as 
his base but whose interests were much 
wider. Unlike most philosophers, he nev
er wrote a book (although several collec
tions of papers and essays have been 
published in book form). His influence 
made itself felt mainly through personal 
contact: in the privacy of his study, in 
seminars at the Institute for Theoretical 
Physics he had created-making Copen
hagen a Mecca for physicists from all 
over the world-and at the great interna
tional conferences. With his heavy build 
and hairy hands he looked like a peasant; 
he had a large head with bushy eye
brows, and the eyes held one with all the 
power of the mind behind them until a 
sudden smile appeared to turn the argu
ment into a joke. He spoke softly, and the 
salient point sometimes got lost when for 
emphasis he dropped his voice to a whis
per. As we crowded around after dinner 
at his house-some sitting on the floor at 
his feet to hear him better-we felt that 
here was Socrates returned to life, teas
ing us with joking paradoxes, helping us 
to sharpen our arguments, leading us 
gently to higher understanding. 

The plan to write a collective book 
about Bohr was discussed among his 
friends in Denmark for several years but 
was not carried forward until after his 
death in 1962. The collection appeared 

BOOKS 
The bfe of JViels Bohr) mostly 
through the eyes of his friends 

in 1964 in Danish, although many of 
the chapters had originally been written 
in English. The present English edition, 
apart from minor details, is identical with 
the original Danish one. The contribu
tors include not only the Nobel prizewin
ners P. A. M. Dirac and Werner Heisen
berg and a dozen other distinguished 
physicists and mathematicians but also 
politicians and painters. Two of Bohr's 
sons have written chapters of a more in
timate character, and there is an intro
ductory chapter on Bohr's ancestry and 
childhood. The other contributors each 
write about a different aspect or period 
of Bohr's life. It all adds up to a fasci
nating composite picture, enlivened by 
60 well-chosen photographs. Although a 
good deal of physics comes in, there is 
nothing too difficult for a reader of Sci
entific American. 

In contrast Ruth Moore has written a 
coherent narrative that reads' almost like 
a novel. Much of her book is based on 
the collective volume, from which she 
quotes liberally (with due credit). She 
has done a thorough job of biographical 
research, but she is not a physicist, and 
the atmosphere of scientific advance is 
not well rendered. There is a tendency 
to overdramatize things, and the ex
planation of physical matters is mostly 
vague and often incorrect. Still, Bohr's 
human qualities are well and lovingly 
presented; the romantic reader will en
joy knowing about Bohr's struggles with 
his conscience in wartime, his dramatic 
flight to America via Sweden and En
gland, and his heroic but, alas, unavail
ing attempts after the war to stop the 
atomic arms race. 

To the layman Bohr is known mostly 
for his model of the hydrogen atom, pub
lished in 1913. At that time the idea 
seemed outrageous that electrons, in go
ing around the nucleus, should be con
fined to specified circular orbits and al
lowed to jump from one orbit to another 
only when absorbing or emitting light. 
The proposal was so out of tune with the 
long-established laws of classical physics 
that even some very intelligent physicists 
said they would rather give up physics 

than admit such an arbitrary hypothesis. 
And yet with Bohr's model so many facts 
fell into place that one had to take it 
seriously. 

Bohr himself was fully aware of the 
crudeness of his model. It no more re
sembled the atom than a pencil sketch 
resembles a living human face, but he 
had to take the first step in applying Max 
Planck's quantum law to the structure of 
atom·s. As early as 1899 Planck had been 
led to assume that electromagnetic radia
tion could be emitted and absorbed only 
in certain quanta of energy; he thought 
that this limitation affected merely the 
interaction of radiation and matter, and 
that it would eventually be fitted into the 
framework of classical physics. Nobody 
paid much attention until Einstein in 
1905 showed that Planck's quanta were 
much more real: they had momentum as 
well as energy and indeed behaved like 
particles (which came to be called pho
tons). Later Einstein showed that by ap
plying Planck's rule to the sound waves 
in solid bodies one could account for the 
puzzling change in their specific heat at 
low temperatures. 

The discovery of the atomic nucleus 
by Ernest Rutherford in 1911 presented 
the decisive challenge. If the laws of clas
sical physics were right, the electrons in 
the atom would circle the nucleus, but if 
they were exactly right such a system 
would be unstable. A few physicists saw 
that Planck's rule had to be invoked 
to account for the obvious stability of 
atoms, and that some elements of classi
cal physics would have to be given up, 
but where to start? Here Bohr for the 
first time showed his unique combina
tion of qualities: the courage to give up 
any assumption, however firmly it might 
have been held; a clarity of mind that 
revealed to him the logical consequences 
of any step he might take; an almost in
tuitive feeling for the best way to pro
ceed, and relentless tenacity in working 
it all out. 

Bohr was then a modest young man, 
delighted at having just met such scien
tific giants as Rutherford and J. J. Thom
son. This stage of his life is charmingly 

145 

© 1967 SCIENTIFIC AMERICAN, INC



depicted in a chapter by Leon Rosen
feld and Erik RUdinger, with many quo
tations from Bohr's letters to his fiancee 
and to his younger brother Harald, al
ready known as a brilliant mathemati
cian. But Bohr had firm views about the 
presentation of his ideas, and when 
Rutherford wanted him to shorten his 
paper, he fought for every word and 
convi:lced the great man that the argu
ment was so closely knit that nothing 
could be left out without destroying its 
unity and logical coherence. In later 
years Bohr would rewrite every paper 
many times, disregarding deadlines, un
til he was satisfied with its logical com
pleteness and consistency. He was trying 
to forestall any possible misunderstand
ing, but the resulting style did not m(lke 
understanding easy. 

Today Bohr's model of the hydrogen 
atom is a part of the history of science, 
barely mentioned in the teaching of 
atomic physics. We still speak of electron 
"orbits" but in a purely metaphorical 
way; our present description of an atom 
uses concepts, such as wave functions, 
that had not been thought of in 1913. 
Indeed, it is misleading to speak of a 
description at all; the term implies that 
there is something to describe, some re
ality that our words are trying to define. 
Bohr liked to stress that "reality" is itself 
a word. What we try in science-so Bohr 
insisted-is to evolve a way of speaking 
unambiguously about our experiences. 
How far the word "reality" is suitable for 
that purpose is in itself a question to be 
decided in the light of experience. 

This may sound like an attitude of 
cold-blooded pragmatism, the kind of at
titude an engineer might adopt when he 
uses terms such as "yield strength," 
"hardness" and "fatigue" to describe a 
particular steel. For him the steel is ade
quately described by those qualities; 
given their numerical values he can con
fidently design a structure. He need not 
know how the atoms in the steel are ar
ranged, or the electrons within them. 

That was by no means Bohr's attitude. 
He was not looking for a minimum of 
description, sufficient for the job in hand; 
he was looking for the most detailed de
scription that the nature of a physical 
system would permit. It had been im
plicitly assumed that the state of a sys
tem could be observed in arbitrarily fine 
detail, that the position and velocity of 
any of its parts could be known as accu
rately as one desired. Of course any ob
servation meant some interaction with 
the system; for instance, to see a particle 
one hac]. to shine light on it. But the pres
sure exerted by a beam of light was usu
ally so weak as not to matter, and more-
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over the light could in principle be made 
as weak as one might wish. 

In quantum theory this was no longer 
so. For a particle to be observed at least 
one photon had to be reflected from it, 
and that would unavoidably change the 
particle's velocity by a finite amount. 
The amount could be reduced by using 
light of longer wavelength, the quanta 
of which have less momentum. But such 
light, as designers of microscopes are 
well aware, gives less accuracy in ob
serving the position of the particle. 

It was this kind of argument that Hei
senberg used in developing his famous 
uncertainty relation. He was led to the 
relation, however, from quite a different 
direction. In his chapter in the Bohr vol
ume (called "Quantum Theory and Its 
Interpretation") he describes in his own 
quiet way how as a 20-year-old student 
he met Bohr in Gottingen and was invit
ed to work in Copenhagen for a while, 
and how there his love for elegant math
ematical structures and his skill in cre
ating them were met by Bohr's insistence 
on physical insight. As he puts it, "I 
noticed that mathematical clarity had in 
itself no virtue for Bohr. He feared that 
the formal mathematical structure would 
obscure the physical core of the problem, 
and in any case, he was convinced that 
a complete physical explanation should 
... precede the mathematical formula
tion." The uncertainty relation was im
plicit in Heisenberg's mathematics, but 
it was Bohr's insistence on physical in
sight that caused Heisenberg to state 
explicitly that one could not know both 
the position and the momentum of a 
particle so well that the product of the 
two uncertainties was smaller than 
Planck's constant, and to derive that re
suit from a physical argument. This is 
one example of how Bohr influenced 
the development of physics-in an at
mosphere of unremitting argument dur
ing long country walks in the woods near 
Copenhagen, during sailing trips on the 
rough Kattegat and in the attic of the 
institute till late at night. 

By 1929 the theory of quantum me
chanics had been given the form we now 
know, but the struggle for its interpreta
tion went on well into the 1930's. Dur
ing that time Bohr worked mainly with 
Rosenfeld, who was perhaps his most 
perceptive disciple. It was Rosenfeld 
who most completely absorbed Bohr's 
philosophy. He was endowed, moreover, 
with a "photographic" ear, so that the 
reader can almost hear Bohr's voice 
whenever Rosenfeld quotes his spoken 
words in the book. Rosenfeld describes 
the significant role Einstein played in 
Bohr's life. Bohr admired Einstein tre-

mendously and was forever distressed 
that Einstein would not accept his views 
on quantum theory; his wish to convince 
Einstein was a particularly important 
stimulus to him. 

The argument was mainly about the 
meaning of Heisenberg's uncertainty re
lation. If we have measured the momen
tum of a particle with great accuracy, 
its position will then be uncertain by an 
appreciable amount. Does that mean the 
position is "fuzzy" in some way, or does 
the particle have a sharply defined posi
tion we merely do not know? Einstein 
favored the second view; for several 
years he tried to break down Heisen
berg's argument, to find a method by 
which-in principle-one could accu
rately measure momentum and position 
at once. Bohr always found the flaw in 
Einstein's proposed method, and Ein
stein always admitted it but remained 
unconvinced at heart. 

One feature of the quantum theory 
that Einstein particularly disliked was 
that it was not deterministic: it did not 
predict the behavior of a given system 
but only the probability that it would 
behave in one of several ways. Probabil
ity had always been considered the child 
of ignorance; if we knew exactly how a 
die had been thrown, we could predict 
how it would fall, and only our ignorance 
compelled us to speak of the probability 
of a particular outcome. But according 
to quantum mechanics there was no pos
sibility whatever of predicting, for in
stance, when a given radioactive atom 
would decay, or which of several wave
lengths of light would be emitted by an 
excited atom. 

Einstein thought he could see the rea
son: with the formalism of quantum me
chanics one was trying to make predic
tions on the basis of incomplete data. He 
did not believe that the future was in
determinate; "God does not play dice 
with the world," he said. Bohr, on the 
other hand, stressed that in the nature 
of things it was impossible to obtain 
more complete data. Therefore nothing 
better than probabilities could be ob
tained from any conceivable theory. 

In 1935 Einstein (with Boris Podolski 
and Nathan Rosen) published a paper 
he thought would decide the issue. He 
showed that one can in principle make 
an observation in such a way that one 
can wait until the particle is far away be
fore deciding whether one wants to know 
its position or its momentum. It is still 
not possible to obtain both (with an ac
curacy exceeding Heisenberg's relation), 
but if one can obtain either momentum 
or position accurately without interfer
ing with the particle, then surely, Ein-
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stein argued, the particle must have well
defined values of both momentum and 
position. Hence, he concluded, quantum 
mechanics does not completely describe 
the particle. 

Bohr did not accept Einstein's conclu
sion. To him a physical attribute such as 
position or momentum was meaningful 
only insofar as it could be observed in 
a given experimental arrangement. You 
could choose whether you wished to ob
serve accurately the position of a particle 
or its momentum, but in making that 
choice you had to choose a particular ex
perimental arrangement, and that un
avoidably cut you off from measuring the 
other quantity. This holds whether you 
make the decision before the intt;)raction 
of the particle with the measuring in
strument or later, as in the ideal experi
ment described by Einstein, Podolski 
and Rosen. 

I should mention that in subsequent 
years attempts were made to introduce 
"hidden variables" that would go beyond 
the description offered by quantum me
chanics and remove its fuzziness and 
indeterminacy. This, however, brought 
fresh difficulties, in particular the need 
to assume instant interaction between 
things a long way apart. Such assump
tions are even less acceptable than those 
features of quantum mechanics they 
were meant to clarify. 

To Bohr that relation of mutual ex
clusiveness between two observations (as 
of position and momentum) was impor
tant enough to deserve a special name, 
and he coined the word "complemen
tarity." There were other pairs of such 
complementary attributes, for instance 
time and energy. The disturbing wave
particle duality-that a stream of parti
cles also had the properties of a train of 
waves-was likewise seen as two com
plementary aspects of the same thing. 
The concept of complementarity became 
a cornerstone in Bohr's thinking, and not 
only in physics. For example, justice and 
mercy are in a similar complementary 
relation: either one becomes irrelevant 
when we consider a human problem en
tirely in the light of the other, yet both 
are needed for a complete view of the 
problem. One of Bohr's pupils suggested 
that truth and clarity were complemen
tary attributes of a piece of writing. That 
may have been mischievous comment 
on Bohr's style, but anyone who writes 
about a difficult topic knows how one 
has to simplify matters and slur over 
some aspects of truth in order to achieve 
a modicum of clarity. Bohr himself en
joyed making fun of his ideas. ("These 
things are so serious you can only joke 
about them.") Once, while having an un-
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usually fine meal, he commented that the 
calorie, useful though it was in measur
ing the nutritive value of food, was ir
relevant to the food's culinary value; a 
new unit, the culinar, ought to be cre
ated, complementary to the calorie. Un
fortunately this theory was not devel
oped further. 

In 1913 Bohr had laid the foundation 
of our understanding of the atomic elec
trons; in 1936 he did the same for the 
atomic nucleus. Whereas the electrons 
circle the nucleus, paying scant atten
tion to one another, the conditions inside 
the nucleus are just the opposite. The 
nucleus is a jostling crowd of protons and 
neutrons in which any newcomer-a pro
ton or neutron striking the nucleus-is 
swallowed up in the general commotion, 
forming what Bohr called a compound 
nucleus. It was typical of Bohr's courage 
that he tackled such a complex problem, 
which appeared far too difficult to treat 
by the methods of quantum mechanics, 
and of his deep insight that he should 
have succeeded; the compound nucleus 
has become the key to our understand
ing of nuclear reactions and in particular 
of nuclear fission. I had the good luck to 
be there when Bohr conceived the idea 
and worked it out, to be in on some 
experiments whose outcome gave clear 
support to it, and later to be asked to 
contribute a chapter to this book, de
scribing that exciting period. 

The German occupation of Denmark 
(1941-1945) created many difficult prob
lems for Bohr and his institute. Stefan 
Rozental (who is also the editor of the 
book) vividly describes this period when 
for a long time Bohr succeeded in keep
ing the work going, even if "events made 
dramatic claims on time, strength and 
nerves." But in 1943 Bohr and his family 
had to flee to the safety of Sweden, cross
ing the Ore Sound in small boats at 
night. From there Bohr and his son Aage 
(now his successor in Copenhagen) were 
flown to England in Mosquito bombers. 
Later they went to the U.S., where they 
took an active part in the final stages of 
the construction of the atomic bomb. 
Bohr felt he had to do that, in view of 
the war situation, but even then he de
voted much thought to the problem of 
how humanity could be prevented from 
destroying itself with such an appalling 
weapon in existence. 

A tragic part of Bohr's life was his 
losing battle with the politicians, whom 
he tried to warn against the dangers of 
an atomic arms race. For that battle he 
was not well equipped; his habit of slow 
and patient argument exasperated the 
men whose habit of quick and bold de
cision had placed them where they were. 

148 

Finally he appealed to the United Na
tions with' an open letter, which is re
printed at the end of the book. I wonder 
how many people at the UN have had 
the patience and the concentration to 
read this closely reasoned argument for 
an open world. 

There were many other aspects of 
Bohr. In his young days he was known as 
an excellent football player (although not 

. quite as good as his brother Harald, who 
won a silver medal with the Danish team 
in the 1908 Olympic games). He was a 
vigorous swimmer, a yachtsman and a 
skier almost to the end of his life; he 
could fei! trees and fix bicycles. He took 
an intense and sensitive interest in poetry 
and painting; two friends who were 
painters testify to his deep understand
ing. Above all he was a faithful friend, 
whose transparent goodness and im
aginative kindness made many people 
feel what Lise Meitner once said: "It is 
good to live in a world where there are 
men like Niels Bohr." 

Short Reviews 

URBAN ATLAS: 20 AMERICAN CITIES, 
by Joseph H. Passonneau and Rich

ard Saul Wmman. The M.I.T. Press 
($100). Twelve pounds of loose-leaf 
maps on fine heavy stock, this study col
lects selected data for 20 cities on the 
excellent base maps of the U.S. Geologi
cal Survey. The maps are presented in a 
clear, condensed format in black and 
white at a scale of one to 48,000. For 
each city there are four plates with com
plex colored symbols overlaid on a light
ly printed repeat of the base map, dis
playing population density, personal
income denSity and a rough classification 
of land use. The built-up area of the 
cities is covered only insofar as it fits the 
rather Procrustean grid, and one misses 
the more volatile suburbs. The data for 
New York, for example, exclude most 
of Brooklyn, half of Queens and all of 
Staten Island. 

The authors, who are architects and 
city planners at Washington University 
in St. Louis, give coauthorship credit by 
name to 55 students and four colleagues, 
and they name seven sponsors. Their 
detailed and technical introduction is a 
model of candor and completeness, out
lining even the false starts and the mis
leading sources they encountered. The 
index maps, like the base maps, are clear 
and attractive, but the large symbol
bearing maps in color that form the bulk 
of the work (and bulk it is) seem uncom
municative, however useful the data 
they present. The array of symbols em
ployed is so coarse that the eye cannot 

integrate the information. Here the com
puter-compositor has been clumsy. This 
is sharply demonstrated by the summary 
maps in black and white that close the 
work. These are quarter-scale reproduc
tions of the principal maps; the plates 
show all the cities at one viewing. Now 
the eye grasps firmly: Los Angeles, Chi
cago and Detroit display their great in
dustrial ribbons; Manhattan is revealed 
in its unmatched density; Seattle, so 
green and sea-set, reveals its absence of 
public shorelands; St. Louis, the only 
one of the cities to receive any attention 
over a period of time, displays a fas
cinating set of diffusions and recrystal
lizations. Whatever the expert may do, 
the general reader will consult this huge 
atlas for its 20 base maps and for the 
splendid summary on the last few plates 
alone. A pioneering work, with the faults 
of the frontier. 

THE BOMBS OF PALOMARES, by Tad 
Szulc. The Viking Press, Inc. ($6.50). 

In January, 1966, the piece of sky the 
Strategic Air Command has code-named 
Saddle Rock Refueling Area was the 
scene of a midair collision: a flying tank
er-rather like a Boeing 707 with jet fuel 
for passengers-was struck by a B-52 
nuzzling too close to the nutrient nipple 
at an altitude of six miles. Down the 
shattered planes fell, some engines fall
ing free in flames. Seven dead came to 
earth near a cemetery below, the victims 
of an error that occurs once in 400,000 
tries. Three parachuted survivors were 
rescued by fishing boats and a passing 
helicopter within half an hour. Half a 
dozen other parachutes ought to have 
floated down from' the crash, four of 
them with thermonuclear bombs and 
two bearing classified devices from the 
Strangelove world. 

On more earthly maps Saddle Rock 
was the village of Palomares, on the arid 
coast of Ahneria, a province in south
eastern Spain. There, since the ancient 
Phoenician lead and iron mines closed 
down in 1945, a couple of hundred fam
ilies live by the tomatoes they pick in 
two annual crops from the rainless land 
irrigated by cooperatively drilled wells. 
There was no telephone in Palomares, 
but there were eight television sets, and 
since 1958 there had been power in the 
houses around the square. 

Three unarmed fission-fusion-fission 
boh1bs landed in or near the village. Two 
cracked open; 10 or 20 kilograms of their 
TNT exploded and spewed the plu
tonium trigger charge into the air. The 
third bomb was reclaimed intact. The 
fourth, borne by parachute, fell in 3,000 
feet of ocean water, watched by a fishing 
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captain from his shrimp boat five miles 
off the beach. 

To Palomares came Air Force generals 
from Omaha and Washington, Madrid 
newsmen, parties of decontaminators 
and finally a futuristic flotilla of abyssal 
submarines and their tenders. Radioac
tivity, wooden secrecy, official falsehood, 
missing megatons, diplomatic struggle, 
lawsuit and counterclaim are spread 
through the clear, pungent, knowing 
chapters of this book, written by the ex
perienced head of The New York Times's 
Madrid bureau. The "Broken Arrow " 
was found deep in the ocean ooze by a 
22-foot supersubmarine (which had been 
flown from Woods Hole) and its fellow 
ships. The plutonium-laden soil was sent 
for burial to America; the losses to the 
farmers at Palomares were paid off, more 
or less; the Americans energetically ate 
the local shrimp; Ambassador Duke 
swam bravely in the cold surf to prove 
the safety of the region. 

That it was not simply a grotesque 
motion picture is perhaps best demon
strated by two small anecdotes. First, the 
Air Force began hiring field hands to do 
the housekeeping at its camp while the 
fields remained out-of-bounds. One la
borer was seen sleeping it off in the road, 
and an American colonel asked his Span
ish colleague why such poor people wast
ed their pay on drink. "I understand him. 
He's a man who never before could af
ford more than a glass of wine a month," 
replied General Montel. Second, the 
young B-52 copilot, who was pulled from 
his life raft in a state of shock, saved by 
automatic ejection and parachute de
ployment, has been "routinely assigned 
to Vietnam." 

THE AUTOBIOCRAPHY OF BERTRAND 

RUSSELL: 1872-1914. Atlantic/Lit
tle, Brown ($7.95). This volume, its 
copyrights strewn from 1951 to 1967, is 
the first U.S. edition of this witty, emo
tionally honest and intellectually fragile 
work. It is not evident just when all its 
portions were written, but more than a 
third of it consists of correspondence of 
the time: self-satisfied love letters from 
young Russell to his fiancee, a mad letter 
from Georg Cantor, a great mathemati
cian turned Baconian crank, and letters 
to and from Joseph Conrad, G. M. 
Trevelyan, Gilbert Murray, Rabindra
nath Tagore and Bernard Berenson. 
This great man remains a luminary of 
our times. Yet as a child he knew Brown
ing and John Tyndall, as a young man 
he heard and responded to Giuseppe 
Peano, he admired as extraordinary the 
single remark the student T. S. Eliot 
made in Russell's Harvard seminar, and 
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he secretly paid the Cambridge bills run 
up by his teacher, friend and collabora
tor Alfred North Whitehead. There is a 
touching story of a kind of analogue to 
the famous vision of Pascal's. In 1901, in 
one five-minute experience, Russell un
derwent a sort of mystic illumination that 
turned him from an imperialist into a 
pacifist, from exact austerity to a vague 
feeling for beauty, and to a kind of Bud
dha-sense. "The habit of analysis has re
asserted itself," he ends dryly, but some
thing deep remained, giving rise to his 
pacifism, his interest in children "and a 
certain emotional tone in all my human 
relations." 

Young Bertrand began Euclid at 11, 
with his brother, 18, as tutor. "This was 
one of the great events of my life, as 
dazzling as first love. I had not imagined 
there was anything so delicious in the 
world .... From that moment until ... I 
was thirty-eight, mathematics was my 
chief interest and my chief source of 
happiness. Like all happiness, however, 
it was not unalloyed. I had been told 
that Euclid proved things, and was much 
disappOinted that he started with ax
ioms. At first I refused to accept them 
unless my brother could offer me some 
reason for doing so, but he said, 'If you 
don't accept them we cannot go on,' and 
as I wished to go on, I reluctantly ad
mitted them pro tern. The doubt as to 
the premises of mathematics ... remained 
with me, and determined the course of 
my subsequent work." 

THE HISTORY OF DISEASES, by Folke 
Henschen. Longmans, Green and Co. 

Ltd. (63 shillings). PRIMITIVE AND AR
CHAIC MEDICINE: VOLUME I OF A HIS
TORY OF MEDICINE, by Henry E. Sige
rist. Oxford University Press ($3.50). Dr. 
Henschen, a distinguished Swedish pa
thologist, has written a highly readable 
and compact book that reviews the 
history and distribution in space, time 
and society of the main human diseases. 
In its first half it takes up infectious 
disease; in the second, the diseases of 
the organs and systems of the body. The 
illustrations, of which there are more 
than 100, include maps and photo
graphs, drawings and engravings from 
all climes and ages. The last illustration 
is the curve of lung-cancer mortality in 
Denmark, rising by a factor of 10 in the 
20 years between 1930 and 1950. Here 
is a map of the spread of the Asian in
fluenza over the entire world in 1957-
1958 from its probable source in 
southern China. Its low mortality-about 
one in 400-contrasts with the influenza 
pandemic of 1918, which infected half 
of the people of the world and killed at 

a rate eight or 10 times higher. The 
incredible elephantiasis of the sufferer 
from filarial infection, the nodules of 
the leper, the lesions of the bony re
mains of men of the past, the dwarfs 
and the lamed seen iI1 the art of many 
ages lend a certain melancholy to the 
book, and yet this historical and social 
context is surely the most acceptable in 
which the nonmedical reader can come 
to face such facts of life, suffering and 
death. 

There is a remarkable story of the in
augural address by the great Linnaeus 
when he became professor of medicine 
at Uppsala in 1741. He put the question: 
"Why do all men in Orsa die of phthisis 
before they are 30?" Orsa is a town in 
Sweden where for half the year the men 
worked mining and shaping grindstones. 
The disease was silicosis. 

The book is a trove of information, 
organized and presented with clarity 
and humanity. It is brief, and much 
more a first survey of this vast and 
scholarly area than it is a treatise. There 
is a substantial and annotated bibli
ography. 

Dr. Sigerist's book, a classic of scholar
ship, is of course related to the topic of 
Dr. Henschen's. But where Henschen is 
statistical, sketchy and synoptic Sigerist 
is leisurely, meticulous, learned and re
flective. The topic is shifted, first to the 
past and then away from disease itself 
to the entire social complex of disease 
and its treatment, and to the growth of 
theory. This first volume of Sigerist's 
History of Medicine (his death cut off 
the planned eight volumes at Volume II, 
concerned with ancient Greece) devotes 
more than half of its space to Egypt and 
Mesopotamia, with a fascinating rich
ness of detail. The primitive world is 
also handled with skill; perhaps the best 
chapters are those on the medicine man, 
whose vocation, training, inspiration and 
methods of work are followed in many 
sample cultures. He is seen as the "an
cestor of most of our professions." 

The book was first published in 1951 
and reviewed at length in Scientific 
American; this paperback reprint is a 
splendid buy. 

THE ELEMENTS OF PHYSICS: A NEW 
ApPROACH, by F. A. Kaempffer. Ginn 

and Company ($8.50). Many authors 
try to live up to the brave subtitle of 
this book, and this graceful writer, an 
experienced theoretical physicist at 
the University of British Columbia, has 
managed to do it. He avoids ladders, 
spring guns and falling bricks and in
stead faces up to the idea of world line 
and to the unending search among the 
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hierarchy of inertial frames for a place 
to stand. The great dynamical conserva
tion laws are considered with care; the 
puzzle presented by the pristine rever
sibility of Newton's laws, against the 
background of an aging and decaying 
world, is handled in a few tentative and 
engaging pages, with plenty of the fas
cinating intellectual history of the arrow 
of time. So the thought carries, to charge 
and its conservation, to variational prin
ciples realized in geometrical optics and 
finally to probability amplitudes, quan
tum energy levels and the mass spectrum 
of baryons. In every treatment a careful 
chapter of description and elucidation 
precedes a detailed section in which the 
more taxing mathematics and the logical 
niceties are set forth in engaging low
key problems, whose answers are always 
included. An appendix raises the great 
issues of probability and of rational num
bers and their extension. 

Kaempffer's principle throughout is to 
face elementary problems with an ap
proach of great conceptual depth. The 
book would seem to require a maturity 
and experience rather beyond the upper
class non science students it is in part 
aimed at (perhaps not in happy Van
couver), but for many a Scientific Ameri
can reader with a somewhat rusty and 
fretful memory of an earlier college 
physics and a keen desire to find his way 
into the modern world it will prove a 
find. 

THE STONE-TIPPED ARROW: LATE 

STONE-AcE HUNTERS OF THE TROPI

CAL OLD WORLD, by Bridget Allchin. 
Barnes & Noble, Inc. ($15) . There in 
the old photograph they sit, a naked 
family grouped under a huge rock over
hang, the ground littered with peel, 
shells-all the debris of living. These are 
the Veddas, a hunting people of southern 
Ceylon, who even at the turn of the 20th 
century lived, in apparently unbroken 
continuity, in the same rock shelters 
their late Stone Age ancestors had used 
for 10 millenniums .  They hunted with 
bow and arrow-the 10-inch iron arrow
heads for which they traded were used 
against elephants-and had domesticated 
only the bee and the dog. Great factory 
sites filled with the quartz tools they ele
gantly fabricated and traded bear wit
ness to the extended duration of their 
culture, which is not quite gone yet. The 
Veddas are a Mesolithic people, deft 
and brave, making a kind of fading 
peace with the Iron Age that came at 
them from the mainland 2,000 years 
ago. This is a volume of such stories, 
covering Bushmen, pygmies, Australians 
and the Indian hunters who must have 
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watched the new cities of the Indus Val
ley grow out of nothing 6,000 years 
back. The thread of the book is clear 
and new: Dr. Allchin traces in place 
after place (most of the world outside of 
the Americas is her province) the threads 
of artifact and practice that connect the 
archaeological finds of the late Stone Age 
with living hunting folk. All these people 
are marked by a technology of skill and 
aptness, an art of strength and beauty 
and a steady slow decline. The Neolithic 
revolution and its aftermath, an iron
bearing and land-hungry peasantry, 
pressed the hunters back into the waste
land. They are gallant peoples, who 
bury their dead with red ocher and fash
ion tiny stone flakes into so many utili
tarian jewels, peoples with a pedigree 
far older than that of Rome, Cairo or 
Damascus . 

Writes Dr. Allchin: "There are enough 
Stone Age sites . . .  to keep many genera
tions of archaeologists fully engaged, 
but ethnographic data is slipping away 
like quicksilver, and it can never be 
recaptured." This is a beautiful and a 
tightly written scholarly work, lying be
tween the specialized treatise on one 
culture and the broad general text, and 
making the best of both styles. 

.NES OF ROCKS, PLANETS, AND STARS, 

by Henry Faul. McGraw-Hill Book 
Company ($2.45). It was the pioneers 
Pierre Curie and Ernest Rutherford who 
saw that radioactive clocks could tell the 
age of the portions of the world. Most 
of us now know that there are ways of 
clocking time by the decay of uranium, 
or of the famous atom that decays on a 
historical scale, carbon 14. The probe 
into time is at least as fundamental as 
our search into space with the big mir
rors . Not many people know how the 
clocks are read; we are in the state of 
mind of people who understand that 
there is a pendulum but have never 
wound, set or consulted a grandfather 
clock. The author of this bright, plain 
little book is a skilled and fluent nuclear 
clock watcher. He lets us see the in
genious and powerful ways in which the 
rocks of the earth, the meteorites, the sea 
ooze, the whole stable crust of the earth, 
the sun and the stars are in fact dated. 
The metaphor of the clock, of course, is 
a bit unreal. A better one is an hour
glass; indeed, there are two main types 
of radioactive-dating methods, those that 
look to see how much sand has fallen 
through and those, like carbon-14 dat
ing, that see how much remains in the 
upper cup. Professor Faul, an experi
enced and felicitous writer, spends most 
of his pages on the lead- and argon-ac-

cumulation clocks, by which the strata 
of the earth have been assigned their 
proper dates . He is at his best in telling 
how one must carefully choose the min
erals (some leak gas, some diffuse lead 
slowly, some feel heat, some leach out 
chemically) and then aim for a concor
dant result by many independent meth
ods . These workers seek to enter their 
Concordia (the name given to one formal 
representation of the locus of all correct 
lead-accumulation ages) by repetition 
and by sharp geological skepticism about 
the history of every sample. 

A rock man himself, the author is 
sketchy, and perhaps a bit credulous, 
when it comes to the dating of stars by 
their evolutionary paths . An astronomer 
is not as fortunate as a geologist, who 
can examine his sample at close range, 
spike it with a known amount of other 
stuff and check the analyses. An up-to
date list of geological ages is here, and 
a very brief story of what those who 
count random events mean by error. By 
bad luck Faul wrote just too early to give 
full due to the remarkable method of 
studying fossil fission tracks by etching 
them into optical visibility. Today this 
promises to become the most general of 
all the dating methods [ see "Science and 
the Citizen," page 51] . 

MICE ALL OVER, by Peter Crow-
croft. Dufour Editions ($5). A re

flective Australian mammalogist sets 
down a lively and winning narrative of 
his experience in the 1950's with large 
colonies of the common wild mouse Mus 
musculus. He worked at an old Royal 
Air Furce field in Sussex, watching his 
mice under red light while they lived in 
slums and suburbs he constructed on the 
floor of a special building, once used for 
bombardier training, where one peers in 
comfort through a hole in the balcony 
floor. Sometimes he made small identical 
rectangular pens, arranged in tastefully 
chosen orientations each in its little 
square plot of floor, looking for all the 
world like a mouse Levittown. Some
times he built large wire-netting tene
ments, stuffed with grain and hay for 
food and cover-an artificial grain stack. 
He marked and counted, he followed 
and tracked, he intervened and mixed, 
he observed. He writes: "I came to rec
ognize elements of the behavior of my 
fellow men, and . . .  I began to under
stand both species. It was not a case of 
creeping anthropomorphism but the 
awakening of . . .  the capacity to feel 
compassion. There is something terribly 
familiar about the awful situation of a 
mouse in the world." 

There is a school of behavior study 
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that passively watches at great length a 
few animals in the wild; its errors tend 
to be diffuseness and self-persuasion. 
There is another school that studies curi
ous, lively and gregarious animals kept 
in bare pens ("mouse concentration 
camps"), producing plenty of numerical 
data. Its error tends to be categorical 
oversimplification. Dr. Crow croft active
ly marks and counts many animals, but 
he gives his beasts a rich environment 
worthy of their small, hardwOl:king 
brains and their explorer's curiosity. He 
finds, for instance, that both mice colo
nies with too little food and mice colo
nies given a food surplus stop growing in 
population, some because of few births 
(the females become sexually inaccessi
ble) and some because of high infant 
mortality. No one knows, Crowcroft 
thinks, if such mechanisms work "in the 
field." 

This is a personal book, now light
hearted, now rueful, and it contains 
many experimental suggestions. It is very 
good for people who like animals and 
have a little space. It is also full of lore, 
doubt and wisdom. Crowcroft ends by 
forgOing a highbrow peroration and cites 
instead Lenny's final phrase in Of Mice 
and Men: "It's bad enough as it is." 

CATALOG OF METEORITES, WITH SPE-

CIAL REFERENCE TO THOSE REPRE
SENTED IN THE COLLECTION OF THE 

BRITISH MUSEUM (NATURAL HISTORY), 

by Max H. Hey. Trustees of the British 
Museum (Natural History) (six pounds). 
An expert annotated listing of the more 
than 2,000 meteorites-both finds and 
falls-known in the world. The British 
Museum has samples from the majority 
of them. The facts are enticing beyond 
their astronomical value. One iron mass 
of two kilograms fell in the Punjab in 
1610 and was forged into sword blades. 
Another stone was "found in a curio 
dealer 's shop in Beckenham in 1913" 
but, authentic though it is, the label is 
incomplete and the fall cannot be 
traced. One stone is built into the Kaaba 
in Mecca; no laboratory results are re
ported for that particular fall. 

pRINCIPLES OF DESALINATION, edited 
by K. S. Spiegler. Academic Press 

Inc. ($21). An up-to-date and authorita
tive collection of technical chapters by 
experts on the topics from thermody
namics to reverse osmosis to freezing to 
cost accounting, including all the newest 
processes, that make up the contempo
rary art of large-scale desalting of sea
water. Power plants are not treated. 
Excellent bibliographies. A reference 
work at a high level. 
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Galaxy with spiral structure. [Photograph from the Mount Wilson and Palomar Observatories.] 

Wo rlds - Antiworlds : 
Anti matter in  Cosmology 

HANNES ALFVEN, The Royal Institute of Technology, Stockhohn. 

Translated by Rudy Feichtner from the Swedish edition of 1966 

"The author has produced a beautifully clear, detailed and 

yet completely popular, account of his theory and of much 

orthodox cosmology as well." - Science Journal, April 1967 

Readers of SCIENTIFIC AMERICAN who enjoyed Hannes Alfven's 

article, "Antimatter and Cosmology," in the issue of last April 

will be particularly interested in this little book. It is the first 

full-scale exposition of the intriguing new cosmology based 

on the assumption, supported by experiments in high-energy 

physics, that matter and antimatter coexist in equal quanti

ties in the universe - perhaps even within our own galaxy. 

Professor Alfven explains the new theory fully, compares it 

to other models, and explores its implications for our under

standing of such astronomical spectacles as supernovae, radio 

stars, and quasars. 1966, 103 pages, 15 illustrations, $3.50 

From your bookseller or from 

"Despite the complexities of these difficult cosmologicai 

problems, Alfven has successfully directed this book to the 

nonscientist. Devoid of equations, adequately illustrated, and 

interestingly written, with technical details discussed care

fully, the book should be intelligible to the nonspecialist. But 

the specialist may also want to read it, for it is probably the 

most complete source of information on Alfven's interesting 

and original ideas about these cosmological problems. "  

- R. H. Dicke, Palmer Physical Laboratory, 

Princeton University, in Science, March 24, 1967 

CONTENTS : I. Cosmology and Natural Science. II. What 

Does the World Consist of ? III. Matter and Antimatter. IV. 

Plasma Physics. V. Antimatter in the Cosmos. VI. Develop

ment of the Metagalaxy. VII. The Cosmological Problem. 

'=i W. H. Freeman and Company 
I� I 660 Market St.,  San Francisco, California 94104 / Warner House, 48 Upper Thames St., London, E. C .  4 
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INDIAN ART OF MEXICO AND CENTRAL 

AMERICA. Miguel Covarrubias. Alfred 
A. Knopf, Inc., 1957. 

AN INTRODUCTION TO AMEHICAN AR-

CHAEOLOGY, VOL. I: NORTH AND MID

DLE AMElUCA. Gordon R. Willey. 
Prentice-Hall, Inc., 1966. 

MESOAMERICA BEFORE THE TOLTECS. 

Wigberto Jimenez Moreno in In An
cient Oaxaca, edited by John Paddock. 
Stanford University Press, 1966. 

MEXICO BEFORE CORTEZ: ART, HISTORY 

AND LEGEND. Ignacio Bernal. Double
day & Company, Inc., 1963. 

NORTHERN MESOAMERICA. Pedro Armil
las in Prehistoric Man in the New 
World, edited by Jesse D. Jennings 
and Edward Norbeck. The University 
of Chicago Press, 1964. 

MOLECULAR ISOMERS 
IN VISION 

THE CHEMISTRY OF VISUAL PHOTO

RECEPTION. Ruth Hubbard, Deric 
Bownds and Tol'll Yoshizawa in Cold 
Spring Harbor Symposia on Quantita
tive Biology: Vol. XXX, Cold Spring 
Harbor Biological Laboratory, 1965. 

CIS-TRANS ISOMERS OF RETINENE IN 

VISUAL PROCESSES. G. A. J. Pitt and 
R. A. Morton in Steric Aspects of the 
Chemistry and Biochemistry of Nat
mal Products, edited by J. K. Grant 
and W. Klyne. Cambridge University 
Press, 1960. 

MOLECULAR ASPECTS OF VISUAL EXCI

TATION. Ruth Hubbard and Allen 
Kropf in Annals of the New York 
Academy of SCiences, Vol. 81, Art. 2, 
pages 388-398; August 28, 1959. 

V ALENCE. Charles A. Coulson. Oxford 
University Press, 1961. 

LIQUID LASERS 

CHARACTERISTICS OF THE ND .�: SEOCL2 

LIQUID LASER. Alexander Lempicki 
and Adam Heller in Applied Physics 
Letters, Vol. 9, No. 3, pages 108-110; 
August 1, 1966. 

A HIGH-GAIN ROOM-TEMPERATURE 

LIQUID LASER: TRIVALENT NEODYM

IUM IN SELENIUM OXYCHLORIDE. 

Adam Heller in Applied PhysiCS Let
ters, Vol. 9, No. 3, pages 106-108; 
August 1, 1966. 

LASER ACTION IN RARE EARTH CHE

LATES. A. Lempicki, H. Samelson and 
C. Brecher in Applied OptiCS, Supple
ment 2: Chemical Lasers, pages 205-
213; 1965. 

ORGANIC LASER SYSTEMS. A. Lempicki 
and H. Samelson in Lasers: Vol. I, ed
ited by Albert K. Levine. Marcel Dek
ker, Inc., 1966. 

GEOLOGICAL SUBSIDENCE 

LOCAL SUBSIDENCE OF THE GOOSE CREEK 

New Fields, 
New Work 

After forty years of research, a 
Nobel Prize winner presents a 
general theory of sensory inhi
bition that inter-connects the 
fields of vision, hearing, touch, 
taste, and smell. Many of the illus
trated experiments can be per
formed by the reader and are 
relevant to many disciplines. Orig
inally the Herbert Sidney Langfeld 
Memorial Lectures at Princeton 
University. 188 illustrations. $8.50 

SENSORY 
INHIBITION 

by Georg von 
Bekesy 

More than fifty high quality plates 
of electron micrographs reveal re
sults far more spectacular than 
would have been expected from 
optical studies of fossils and tex
tures. Limestones covered range 
from Cambrian to Recent, from 
deep-sea oozes to intertidal rocks. 
Illustrated. $3.75 

ELECTRON 
MICROGRAPHS 

OF LIMESTONES 
and Their Nannofossils 

by A. G. Fischer, 
S. Honjo, 

and R. E. Garrison 

Princeton 
University Press 

Princeton, N.]. 08540 
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MAIL 
ORDER SHOPPING MART 

UNUSUAL 
VALUES 

A selection of products ovailable by mail for readers of Scientific American 
All merchandise sold on a money-back guarantee. Order direct by Stock No. Send check or M. O. 

3" ASTRONOMICAL 

TELESCOPE 

See stars, moon, phases of Venus. 
planets close up. 60 to 180 power 
-famous Mt. Palomar rellecting 
type. Aluminized & ovcrcoatc'd 3" 
diameter f/lO primary mirror, ven
tHated cell. Equipped with 6UX 
eyepiece and mounted 3X finder 
scope, hardwood tripod. FREE: 
"STAR CHART": 2 7 2-p age 
"HANDBOOK OF I-lEA VEN::';"; 
"HOW TO USE YOUR TELE
SCOPE" book. 829.95 Ppd. Order 
Stock No. 85.0508. Edmund 
Scientific Co., Barrington, N.J. 
08007. 

WOODEN 

SOLID PUZZLES 

Here's a fascinating assortment of 
12 difterent puzzles to provide 
hours of pleasure and stimulate 
ability to think and reason. Ani
mals and geometric forms. Take 
them apart and reassemble them. 
Lots ot fun for the whole tamily
young and old. Will test skill, 
patience and ability to solve prob
lems. Order yours now. S3.50 Ppd. 
Order Stock No. 70,205S. Ed
mund Scientific Company, Bar
rington, New Jersey 08007. 

NEW MODEL DIGITAL 

COMPUTER 

Solve problems, tell fortunes, play 
games With miniature version of 
giant electronic brains! Adds. sub
tracts, multlplics, shifts. comple
ments, carries. memorizes. Colored 
plastic parts easily assembled. 12"x 
3J1"x4%"'. lncld. step-by-step as
sembly diagrams, 32-p. instru('tion 
book covering operation, computer 
language (binary system) pro
gramming, problems & 15 experi
ments. 85.98 Ppd. Order 8tock 
170,683S. Edmund Scientific Co., 
Barrington, N.J. 08007. 

GIANT 

FREE CATALOG 

Completely new 1967 Catalog. 148 
pages packed with nearly 4,000 

��t�����es�aa:��sne�����s� lo6� 
of charts. illustrations. Many hard
to-get war surplus bargains. 
Enormous selection ot telescopes, 
microscopes. binoculars, magnets. 
magnifiers, prisms, photo compo
nents, etc. For hobbyists, experi
menters, workshops. factories. 
Shop by mall. No salesma.n will 
calL Write for Catalog "s" to Ed
mund Scientific Co., Barrington, 
N. J. 08007. 

156 

GIANT 

WEATHER BALLOONS 

"Balls of fun" for kids, traffic 
stoppers for stores, terrific for 
amateur meteorologists. Create a 
neighborhood sensation. Great 
backyard fun. Exciting beach at
traction. Amateur meteorologists 
use to measure cloud heights, wind 
speed. and temp. Made of heavy 
duty neoprene. Inflate with vac
uum cleaner or auto air hose; or 
locally available helium for high 
rise. 8' diam. $2.00 Ppd. Order 
Stock No. 60,568S. 16' dlam. 87.00 
Ppd No. 60,6328. Edmund Scien
tific Co., Barrington, N.J. D8007. 

NEW SURPLUS 

Ni·Cd BATTERIES 

Save more than 50%! Long life
accept 300 charge and discharge 
cycles. 1.25 Volts per cell-750 mll
liamper hours capaci ty. Excel. 
charge retention. Hermetically 
sealed. Indefinite storage life. 1\1ul
tiple cells welded in series-easily 
cut. Combine to form btry. �" 
dia. x 1 %" high. Spec. price for 
100 up. Low-cost charger separate. 
Order No. Cells Volt. Ppd. 
40,986S -1- T.25 $1.50 
60,633S 3 3.75 3.60 
60,634S 4 5.00 4.80 
Edmund Scientific Co., Barring
ton, N.J. 08007. 

SCIENCE 

TREASURE CHESTS 

Hundreds o[ thrilling experiments 
plus a Ten Lens Kit to make tele
scopes. microscopes. etc. Incl.: 
extra powerful magnets. polarIZ
ing filters, compass. one-way 
mirror film, diffraction grating, 
many other items. 85.50 Ppd. 
Order Stock No. 70.3428. Deluxe 
Chest: Above plus crystal growing 
kit. electric motor, molecular set. 
and iots more. S10.50 Ppd. Order 
Stock No. 70.3438. Edmund 
Scientific Co., Barrington, New 
Jersey 08007. 

WAR SURPLUS! AMERICAN-

MADE 7x50 BINOCULARS 

Big savings! Brand new! Crystal
clear vlewing-7 po wer. Every op
tical element iscoated.An excelient 
night glass-the size recommended 
for satellite viewing. Individual eye 
focus.Exit pupil 7 mm.Approx.field 
at 1,000 yds. ls 376 It. Carrying Case 
included. American 7x50's normal
ly cost $274.50. Our war surplus 
price saves you real money. $74.80 
Ppd. Order Stock No. 1544S. Ed
mund Scientific Co., Barrington, 
New Jersey 08007. 

AMAZING 

NEW HOLOGRAMS 

Almost unbelievable new 3-D 
photo-technique for small cost. 
Simple transmission-type holo
gram ton film and glass) result of 
splitting laser beam. Dimension 
appears carved in stone. Cut in 
half repeatedly-parts still con
tain full scene. Use slide projector 
light source or f1ashllght bulb fila
ment. Filter incl. FUm: 4" x 3%'" 
Hologram. 815.00 Ppd. Order 
No. 40,969S. 2" x 1 Ys'. 84.50 Ppd. 
No. 30.574S. Glass: 4' x 5' 830.00 
Ppd. No. 40.9848. Edmund Scien
tific Co., Barrington, N.J. 08007. 

ASTRONOMICAL 

TELESCOPE KITS 

Rtlin
t�I��c6r

p�:.n Jft��r°rio�o
t�r��e�; 

annealed pyrex mirror blank, tool, 
abrasives, diagonal mirror, and 
eyepiece lenses. Instruments you 
build range in value from 875 to 
hundreds o[ dollars. 4!4'" dtam., 
;!4" thick, 58.00 Ppd.-Order 

m.��3��d.'!.:. #7���g'4S ; �' Jri�k: 
1 %' thick, 821.00 Ppd.-#70,005S; 
10" diam., 1%'" thick, 1334.25 
FOB-#70,006S. Edmund Scien
t! fic Co., Barrington, New Jersey 
08007. 

WFF'N PROOF

GAMES OF LOGIC 

Practice abstract thinking and 
math. logic. Developed by Yale 
prof. It you think learning should 

g�ai��t�-b:�rn c':�:�ff 2r���is 
of progressive difficulty. Starts 
with simple games mastered by 
6-year-olds. ends with subtle 
lOgic for challenge to professional 
logicians. 8 hi" x 5%" case contains 
logic cubes, playing mats, timer & 
224-p. book. 86 Ppd. Order Stock 
No. 60,525S. Edmund Scientific 
Co., Barrington, N.J. 08007. 

TERRIFIC BARGAIN 

IN ZOOM LENSES 

Modernlze your 8mm projector 
with two super-Quality surplus 
lenses. Get 33� % to 100% 
larger movies without moving 
proJector. Just move lens for 
results wanted. Coated optics, 
black and silver finish, Ya" dinm. 
threaded aluminum barrels. (A) 
134'" long, F.L. 34" to 1"', Lens 
Speed f(1.5, $8.50 Ppd. Order 

�o
t��F.t�0��3�� 1S�Lm�-Wie

6; 
1(1.6, $6.95 Ppd., Stock #40,874S. 
Edmund Seientltlc Co., Barring
ton, New Jersey 08007. 

OIL FIELD, Wallace E. Pratt and 
Douglas W, Johnson in The Journal of 
Geology, Vol. 34, No, 7, Part I, pages 
577-590; October-November, 1926. 

MEASUREMENT OF COMPACTION OF 

AQUIFER SYSTEMS IN AREAS OF LAND 

SUBSIDENCE. B, E. Lofgren in U.S, 
Geological Survey, Paper 424B, pages 
49-52; 1961. 

OPERATORS EYE HEROIC MEASURES TO 

HALT WILMINGTON SINKING, Frank 
G, Miller and W. H, Somerton in The 
Oil and Gas Journal, Vol. 54, No. 33, 
pages 66-72; December 19, 1955, 

BUTTERFLIES AND PLANTS 

BIRDS, BUTTERFLIES, AND PLANT POI

SONS: A STUDY IN ECOLOGICAL CHEM

ISTRY, Lincoln Pierson Brower and 
Jane Van Zandt Brower in Zoologica, 
Vol. 49, No, 3, pages 137-159; 1964. 

BUTTERFLIES AND PLANTS: A STUDY IN 

COEVOLUTION. Paul R. Ehrlich and 
Peter H. Raven in Evolution, Vol. 18, 
No, 4, pages 586-608; January 28, 
1965. 

COEVOLUTION OF MUTUALISM BETWEEN 

ANTS AND ACACIAS IN CENTRAL AMER

ICA, Daniel H. Janzen in Evolution, 
Vol. 20, No, 3, pages 249-275; 1966. 

MEMORY 
AND PROTEIN SYNTHESIS 

ANTIMETABOLITES AFFECTING PROTEINS 

OR NUCLEIC ACID SYNTHESIS: PHLEO

MYCIN, AN INHIBITOR OF DNA Po
LYMERASE, Arturo Falaschi and Ar
thur Kornberg in Federation Pro
ceedings, Vol. 23, No, 5, Part I, pages 
940-989; September-October, 1964. 

CHEMICAL STUDIES ON MEMORY FIXA

TION IN GOLDFISH. Bernard W. Agra
noff, Roger E. Davis and John J. Brink 
in Brain Research, Vol. 1, No, 3, pages 
303-309; March-April, 1966. 

MEMORY IN MICE AS AFFECTED BY IN

TRACEREBRAL PUROMYCIN. Josefa B, 

Flexner, Louis B. Flexner and Eliot 
Stellar in Science, Vol. 141, No. 3575, 
pages 57-59; July 5,1963, 

MATHEMATICAL GAMES 

POLYOMINOES, Solomon W. Golomb. 
Charles Scribner's Sons, 1965, 

SOME TETRABOLICAL DIFFICULTIES. 

Thomas H, O'Beirne in New Scientist, 
Vol. 13, No. 270, pages 158-159; 
January 18, 1962. 

THE AMATEUR SCIENTIST 

PHYSICAL METEOROLOGY, John C. John
son. The M,I.T. Press, 1954. 
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The seieDlisl. 
A _aD aparl, yel wilhiD. 
Once it got rolling, the Age of Adventure never stopped. 

The instigators, Copernicus, Galileo, Kepler and others, 
challenged superstition and dogma. They broke the lockstep of 
Aristotelian thought and turned on the light that ended the 
Dark Ages. Their collective efforts set up a momentum of scien
tific inquiry that has continued undiminished to the present. 

The early adventurers, the proto-scientists, were greeted 
with ridicule and abuse, excommunication, exile, the stake 
and other questionable honors. 

Today's men of science are recognized, well-rewarded and 
have a world of time to enjoy life and live it all the way up. 

"The adventurous life" aptly.�escribes a career with 
LTV Electrosystems. We are in the business of pushing 
the frontier of electronics technology to the most advanced 
state of the art. 

We invite you to examine the career opportunities of
fered by LTV Electrosystems at any of its 12 facilities 
in five states. 

Write Bill Hickey, Supervisor of Professional Placement, 
P.O. Box 6118, Dallas, Texas 75222. He'll tell you about the 
broad range of disciplines and special challenges offered by 
LTV Electrosystems. An equal opportunity employer m/f. 

LTV ELECTRC>SYSTEIVIS, 'NC. 
A SUBSIDIARY <::tF LI"'G-TEftoACO-VC>(JGHT, INC. 
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Copper loves company. That's why Anaconda 
is building another research center. 
You'll rarely find copper all by itself. It's usually found in ores as a mineral
interlocked with other elements, other minerals and metals, embedded in rocky 
waste material. 

. 

So to get pure copper you must isolate the copper mineral, then 
extract the copper from the mineral. That's why most copper ore mined to 
date has involved only a fraction of the more than 150 known copper 
minerals-those with the most metal. But as demand soars, we must now 
find ways to extract copper efficiently from the huge quantity of poorer 
grade, more complex ores abounding in the earth. 

To achieve this, Anaconda is building at Tucson, Arizona, the 
industry's most advanced extractive metallurgical research center. As 
we develop better extractive techniques, more and more of today's sub
marginal deposits will become part of tomorrow's essential copper ore 
reserves. The Anaconda Company, 25 Broadway, New York, N.Y. 10004. 

1: Pyrite (iron sulphide) Chalcopyrite (copper, iron sulphide) and Specularite (an iron oxide). 2. A copper, 
lead, zinc complex ore containing Chalcopyrite. Galena, Sphalerite. and Pyrite. 3. Chrysocolla (copper silicate) 
with black copper oxide. 4. Pyrite (iron sulphide) Covellite (copper sulphide) and quartz. �. Antlerite (a copper 
sulphate) and Cuprite (copper oxide). 6. Antl"rite (a copper sulphate) and Chalcocite (copper sulphide). 
7. Covellite and Chalcocite (copper sulphides). 67101 
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