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Rust, barnacle, stain, stress ... old enemies meet new defenses 

Problems that have bothered men 

for decades are being solved by en­

gineers and scientists at M& T. 

Barnacles, for example. In coping 

with this problem, copper-based anti­

fouling paints can create another ... 

galvanic corrosion. With paints con­

taining organometallic bioMeT* anti­

foul ant from M&T, though, there's 

neither corrosion nor barnacles. 

Corrosion has been a lifelong 

enemy for metal water pipes. Now 

coming into increasing use is non­

corrosive vinyl plastic pipe produced 

with a Thermolite* stabilizer to pro­

tect it against degradation from heat 

and light, both during manufacture 

and in actual use. 

Physical working of metal sets 

up internal stress. Not with M& T's 

M & T Chemicals Inc. 

electro-chemical machining process. 

It removes metal, however hard, 

cleanly and without residual stress. 

SOIne organic finishes succumb to 

a simple thing like food stain. Not 

M& T-created vinyl plastisols which 

resist food acids, alkalies, alcohols 

and other chemicals. 

For more information, write M&T 

Chemicals Inc., General Offices: 

Rahway, New Jersey 07065. 
*Trademark of M&T Chemicals Inc. 
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HERCULES bER COMPANY 
PORATED 

A SHORTER NAME 

AND THE REASONS FOR IT 

WHY A CHANGE OF NAME? During the past half-century, 

Hercules Powder Company has grown and diversified 

from powder to protective coatings, to plastics, to pro­

teins, to plasma chemistry. During thatsame half-century, 

as one of the top ten chemical companies of the United 

States, Hercules has become known to customers, com­

petitors, and the public at large as a major producer of 

agricultural chemicals (including plant foods, herbicides, 

and insecticides), of solid propellant rocket engines, and 

of olefin film and fiber. The fiber, sold under the trade 

name Herculon®, is increasingly being used in 

fabrics, pile lining, and especially in carpets. The 

company also markets plastic milk bottles and 

specially designed machinery for the packaging industry. 

The increasing diversification of the company's inter­

ests, both in production and research, resulted in the 

need for a nonspecific name retaining the 54-year-old 

identity of Hercules as a symbol of the highest quality 

materials coupled with technical skills providing the ul· 

timate in customer service. 

For these reasons, and because the types of products 

for which the company was named in 1912 now con· 

stitute less than ten percent of Hercules' sales, the 

corporate name "Hercules Powder Company" 

henceforth belongs to history and is replaced 
by "Hercules Incorporated." NA66-' 

HERCULES 
INCORPORATED 
Wilmington, Delaware 19899 
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The NCR 315 family of computers. 
(The second most important family 
for the man who wants to know everything 
about his business, everyday.) 

The NCR 315 is no more one com­
puter system than a family is one 
person. It's a family of computer 
systems. Related but tailored dif­
ferently for the differing needs of 
every market group. One branch of 
our family is helping a west coast 
airline keep track of reservations. 
Another is helping a newspaper set 
type. Another series of 315 con-

figurations is helping to meet the 
total data needs of industry (a John­
son's Wax installation is one recent 
example). A different branch of our 
family serves government. Another 
is automating window transactions 
for banks and savings and loan 
associations. And still another 
branch of the NCR 315 family is 
causing nothing short of a revolu-

THE NATIONAL CASH REGISTER co. ® 

tion in the retailing business today. 
We could go on until doomsday 
about the merits of 315 systems. 
Like RMC (rod memory computer) 
that cycles at billionths of a sec­
ond. But that's another story (ask 
your NCR man). The thing is, what­
ever kind of data handling need 
you have, there's a member of 
the 315 family that can do the job. 

DAYTON, OHIO 45409 
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CARBON-FILLED CONDUCTIVE 
PAPER ... LIGHT-WEIGHT 
ELECTRONIC SHIELDING 

Riegel announces a new electrically 

conductive paper made with greater 

uniformity than ever before pos­

sible. Secret is a new process for 

dispersing carbon black so evenly 

there are no "hot spots" or blank 

areas. Ideal for electronic shield­

ing, it can be combined with Riegel 

insulating papers, or other mate­

rials with interesting possibilities. 

It's only one of many new Riegel 

developments to tickle electronic 

imaginations ... including film-foil 

combinations for printed circuitry, 

heat/ age-resistant insulations, and 

sophisticated coated papers for 

e lectrogra ph ics. 
Ask for samples of Riegel's new 

Carbon-Filled Conductive Paper. If 

you have any ideas for paper, bring 

them to Riegel ... i!:! confidence, 

with confidence. Riegel Paper Cor­

poration, Box 250, Murray Hill 

Sta., New York, N. Y. 10016. 

<�el> 
TECHNICAL PAPERS 

THE COVER 
The aerial photograph on the cover shows a series of meanders, or bends, 
of the Tombigbee River in Alabama. The regular geometric curve that 
closely approximates that of the meanders is called a sine-generated 
curve; this means that the angular direction of the channel at any point 
with respect to the mean down-valley direction (toward the lower right 
in the photograph) is a sine function of the distance measured along the 
channel. This curve represents the form in which a river does the least 
work in turning; hence it is the most probable form a river can take (see 
"River Meanders," page 60). Material is continuously eroded from the 
concave banks of the meanders; it is then transported downstream and 
deposited on the convex banks, or bars (light areas in the photograph). As 
the meanders migrate laterally across the valley, the channel occasionally 
breaks through the narrow neck of land in a loop, creating an isolated "ox­
bow" lake; the scars of three such lakes are discernible as bluish cres­
cents at upper right. Photograph was made from an altitude of 12,000 feet. 
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I� anatical about dryness? Better check into 

Omniforms !'M Maybe not for your next martini, 

but just about any other place where moisture 

control is essential. 

Omniforms are manufactured from synthetic 

zeolites, adsorb water (1) over an extremely wide 

temperature range (2); they're tough and can be 

shaped to your specifications (3), with tolerances of 
±O.OOS. Also note these "fringe benefits" ... Omni­

forms act as jigs to assure perfect alignment. During 

welding, they're a flash wall. As heat sinks, they cut· 

down on component damage. 

If all this sounds electronic, well so it is. 

Omniforms fit just fine in semiconductors, instru-

ment dials, missiles, etc. And yet, they may well E help you with a lot of other damp problems. Dry r 
and see! 

BRISTRONICS 

1. Omniforms adsorb approximately 22% of their own weight. 

2. Omniforms retain their drying capacity above 200°F. 

3. Omniforms come in any size or shape (disc, oval, ring, etc.) 

required by our customers. 

BRISTRONICS 
Department of Bristol laboratories 
Division of Bristol-Myers Co. Dept, A 
630 Fifth Avenue, New York, N. Y. 10020 

Gentlemen: 

D Here's my problem. Can you help? 

problem, but I'd like more data on 

TITLE: 

COMPANY: 

ADDRESS: 
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The candle 
is 3 miles away. 
Detect its heat. 

You can, with the help of a rare kind 

of diamond known as Type II. 
Distinguished by an exceptionally low 

nitrogen content, Type II diamonds 

are used as windows in Golay 

Infra-Red Detectors made by 

Eppley laboratory, Inc., Newport, R. I. 
This rare material was chosen because 

it is the only one that can transmit 

radiation of wavelengths 0.3 to 1,000 
microns with any degree of linearity. 

The windows weigh about 13,4 carats, 

are slightly wedge-shaped, with 

plane surfaces inclined at 

an angle to each other. 

This avoids the "thin film" effect in the 

long wavelengths that causes soap 

bubbles to reflect blues, greens, yellows 

or red selectively from white light. 

But don't think that diamonds are 

good only for exotic uses like this. 

On the contrary, De Beers natural and 

synthetic diamonds are now being 

used routinely for a variety of jobs 

in optics, ceramics, metalworking 

and road-building. 

Are you frightened by the cost of 

diamond tools? No reason for it. 

Because if you cut, sharpen or smooth 

anything in your business, you can 

probably use diamonds profitably. 

Your tool and wheel manufacturer can 

show you how. Or write to this 

magazine for more information. 

First International Industrial Diamond Conference 
Oxford, England, September 19-22, 1966 

Papers on a wide range of subjects involving indus­
trial diamond research and technology will be pre­
sented. Also, demonstrations of latest technology. 

For information, wire to Conference Secretariat, 
2 Charterhouse Street, London E. C. 1, England . 

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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LETTERS 

Sirs: 
Mr. N. W. Pirie's review of J. D. Ber­

nal's Science in History [SCIENTIFIC 

AMERICAN, March] demands some com­
ment, as it is both inaccurate and mis­
leading to a degree that does a dis­
service to the readers of Scientific Amer­
ican. In spite of Mr. Pirie's repetition of 
the phrase that Science in History is not 
a history of science, it is and deserves to 
be judged as such. This is particularly 
true since Bernal repeats standard and 
hoary cliches that are now so out of 
date as to be laughable if they were 
not taken so seriously by practicing sci­
entists whose knowledge of the history 
of science rarely rises above the level 
of the anecdotal. 

Before getting to the major errors 
committed by Bernal, may I point out 
an original one introduced by Pirie, who 
gives credit to Alexander the Great for 
founding the museum of Alexandria. 
This is merely an error of fact; Bernal's 
are errors of omission and interpreta­
tion. For example, Bernal's discussion of 
Harvey's work and Pirie's discussion of 
it are hopelessly out of date. No men­
tion is made of Harvey's work on em­
bryology, which is permeated with Aris-

8 
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totelianism. Nor is there any discussion 
of the link between the natural motion 
of the Aristotelian quintessence and the 
blood that reveals the essential unity of 
Harvey's thought. All of this is old stuff 
in the history of science but clearly un­
known to both the author and the re­
viewer. Similarly, Bernal's discussion of 
Galileo and Pirie's remarks on it show 
no evidence of any contact with recent 
(that is, past 30 years) Galilean scholar­
ship. Galileo's greatness as an experi­
menter still remains to be established, 
and the remark that "the Middle Ages 
still enmeshed him" since "he did ex­
periments to convince others on matters 
about which reason had already made 
him certain" merely shows that Mr. 
Pirie has swallowed whole the definition 
of science that is implicit in Bernal's 
work. Mr. Pirie might like to try out this 
remark on P. A. M. Dirac, who, al­
though he is many things, can hardly be 
accused of being a leftover from the 
medieval period. 

Such examples of uncritical accept­
ance by the reviewer of Bernal's special 
pleading could be multiplied almost at 
will. They will serve, I trust, to focus 
attention on my main point, which is 
that the history of science is a profes­
sional and rigorous discipline demand­
ing the same level of skills and scholar­
ship as any other scholarly field. It is 
time for the scientist to realize that he 
studies nature and others study him. He 
is no more nor no less competent to 
comment on his own activities and the 
activities of his fellow scientists than is 
the politician. Critical political history 
is rarely written by the politician and 
the same is true of the history of science. 
In this case it should be recognized 
that Bernal has created a majestic myth; 
it is unfortunate that the reviewer took 
it for reality. 

L. PEARCE WILLIAMS 

Professor of the History 
of Science 

Department of History 
Cornell University 
Ithaca, N.Y. 

Sirs: 
I was very pleased to read the article 

on Maurits C. Escher in Martin Gard­
ner's "Mathematical Games" [SCIEN­

TIFIC AMERICAN, April]. I was particu­
larly impressed by the "impossible box" 
�:eld by th�, 

boy in the reproduction of 
Belvedere. 

This box is, as Mr. Gardner points 

"Freemish Crate" 

out, not realizable in three-space. Two­
space is of course another matter, 
whether in one of Mr. Escher's litho­
graphs or in a photograph. Not long ago 
I made a photograph showing a near 
relative of this box; I have exhibited the 
photograph under the title "Freemish 
Crate" [see illustmtion above]. They 
tell us the camera does not lie, but as 
much cannot be said for photographers. 
My explanation is that the crate was 
built for the shipment of optical illu­
sions in quantity and I simply took a 
snapshot of it. 

C . F . COCHRAN 

Chicago, III. 

ADDENDUM AND ERRATA 

The illustration on page 83 of 
"The Hagfish" (SCIENTIFIC AMER­
ICAN, February) is based on the 
work of Ronald Strahan of the 
University of New South Wales. 
This work is published in the 
chapter "The Behavior of Myxine 
and Other Myxinoids" of the book 
The Biology of Myxine, edited by 
Alf Brodal and Ragnar Fange 
(Universitetsforlaget, Oslo, 1963). 

The two illustrations on page 
96 of "The Muonium Atom" (SCI­

ENTIFIC AMERICAN, April) were 
inadvertently transposed. Also 
transposed in that issue were two 
labels in the illustration on page 
28 of "The Economics of Techno­
logical Change." The labels were 
"Materials inputs" and "Chemical 
inputs." 
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(A river tise ment) 

ALLOY STEELS 
(A rlvertise1l1ent) 

The interaction of solute elements, their thermodynamic relationships with each other and 

with iron ... how these interactions control subsequent solid state transformations to produce 

a microconstituent which determines the properties of the alloy. 

A
lOY steel studies were once meas­

ured in terms of "the state of the 
art." Not so now. Steel research 
activity is moving forward so 

rapidly it now includes such sophisti­

cated concepts as atomic scale interac­

tions, solid state reactions and micron 
scale defect measurements. 

. 

This rapid advance in alloy steel de­
velopment can be attributed to the in­
teraction of physicists, chemists and en­
gineers-often working as a team. Sep­
arately as well as together, they make 
careful studies of the intimate structure 
of metals and the mechanisms by which 
the structure controls engineering prop­
erties of steel, such as strength, tough­
ness, ductility and joinability. 

True, iron is the backbone of steel. 
But it is only that until researchers work 
to develop in it properties many times 
superior to those inherent in iron. 
Strength is an important example. The 
yield strength of iron is approximately 
4,000 psi. But research has developed 
commercial steels with strengths two or­
ders of magnitude greater. 

Research studies begin with the peri­
odic table. Here is where the researcher 
makes a finite choice of those elements 
that may be alloyed with iron. 

The treatment the alloy then receives 
ultimately determines what engineering 
properties the steel will develop. 

Alloy studies delve into the interac­
tion of these (alloying) solute elements. 
Their thermodynamic relationships with 
each other, as well as with the iron are 
investigated. These interactions control 
subsequent' solid state transformations 
to produce a micro constituent which can 
enhance the properties of steel. These 
transformations are also studied. The in­
ternal structure or atom array within the 
microconstituent is examined by elec-

by James Smith 

tron microscopy, electron and/or X-ray 
diffraction and by microstraining tech­
niques. This examination can reveal the 
presence of dislocation networks which 
determine the deformation characteris­
tics of the alloy steel. 

These tools are useful in observing the 
contribution made by the clustering of 
solute atoms. Also, the precipitation of 
intermetallic compounds to the strength­
ening by coherency binding and strain 
hardening mechanisms. 

Through these observations, new con­
cepts are being introduced. Concepts 
such as the interaction of precipitates or 
foreign particles with dislocation struc­
tures and vacancy concentrations. These 
new concepts permit the interpretation 
of why and how steels can be made 
tougher, stronger and more ductile. The 
way these mechanisms operate to form 
the micro constituents which comprise 
the composite microstructure determines 
the engineering properties of the steel. 

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

Just as chemistry determines what is 
to be alloyed with the steel, the treat­
ments which can be given to the steel 
are determined by the variables of pres­
sure, temperature and time. These alter 
the thermodynamics and kinetics of the 
solid state transformations in alloy steels. 

Every time steel is heated or cooled, 
compressed or stretched, squeezed or 
expanded, its properties are changed. 
Science and engineering are combined 
to exercise a control over these variables 
under conditions where the research in­
vestigator can examine the contribution 
of each variable. And where he can opti­
mize the combination of variables to pro­
duce steels with superior properties. 

Recently this type of investigation has 
resulted in a physical simulation of hot 
rolling steel through experiments in the 
laboratory - experiments in which the 
steel is not even rolled! 

Greatly enhanced thermal transfer sys­
tems used in cooling steels provide an 
excellent example of advances in engi­
neering. This kind of advancement has 
enabled steel production to make use of 
the thermal-mechanical treatments. Pre­
viously, this treatment could be per­
formed only in the laboratory. 

Alloy steels which take advantage of 
these increased capabilities are now 
evolving. Concepts are developing from 
a combination of chemistry, physics and 
engineering, and will produce the engi­
neering properties required by an ad­
vancing technological age. 

This article gives you a glimpse of just 
a few developments in alloying steels. It's 
only a small part of the continuing, wide­
spread research effort that is going on 
24 hours a day at Youngstown's research 
center. If you think our researchers might 
be able to help you, just give us a call or 
write Department 251B6. 
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Nolhing forced us 10 redeSign Ihe 

popular Bullelin 609 manual slarler - bul, 

This is what is really "New" about the new Bulletin 609 line! 

1 Bulletin 609, Size 0, Size 1, and Size 1 P-all use the 

same size enclosure, not only in N EMA Type 1, but also 

for NEMA Type 4 and NEMA Type 7-9 service. 

2 Bulletin 609, Size 0, Size 1, and Size 1 P starters in 
NEMA Type 1 enclosure are available in either START­

STOP push button or START-STOP toggle lever oper­

ation. Also true of "non-enclosed" construction. 

3 Third overload relay can now be furnished withotJt 

any increase in dimensions of the new Bulletin 609-

non-enclosed, NEMA Type 1, NEMA Type 4, and 

NEMA Type 7-9 starters. 

4 NEMA Type 1 enclosure designed to harmonize with 

corresponding NEMA Type 1 enclosure for Bulletin 709 

magnetic starters. 

5 Easy to add Pilot Light in NEMA Type 1 enclosure. 

6 All Bulletin 609 Starters, non-enclosed and in NEMA 

Type 1, NEMA Type 4, and NEMA Type 7-9 enclosures 

can be padlocked in STOP position. 

7 A clearly visible "Indicator" shows when an overload 

relay has operated to trip the Bulletin 609 starter. 

New Bulletin 609 manual starters in NEMA Type 1 enclosures. 
Size 0, 1 , and 1P all fit into same compact enclos.ure. 

10 
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we owed this to YOU because - we 

could give YOU more value lor your money 

new easy-to-add pilot light 
This can be done in the field. Nothing could be simpler. 
To accept the pilot light housing, a slot has been molded 
into the top of the starter mechanism cover. Slide the 
pilot light molding into position and wire the two 
attached leads. There's an easily removable knockout in 
the N EMA Type 1 cover underneath the A- B trademark. 
Use a small screwdriver to push out the trademark and 
the knockout will drop out with it, making a hole for the 
pilot light lens. The entire installation takes but a few 
seconds. The pilot light kit is listed as a separate item. 

the third overload relay. 
Can be furnished on the Size 0 and 
Size 1, 3-phase Bulletin 609 with no 
increase in space requirements. These 
overload relays provide reliable and 
permanently accurate protection 
against overloads irrespective of 
frequency of operation or the sur­
rounding atmospheric conditions. 
Furthermore, they cannot be held 
closed against a sustained overload. 
After the relay has been tripped, 
pressing the STOP button resets the 
relay and the motor can be restarted. 

new safety lock 
Bulletin 609 starters can be instantly locked in the STOP 
position. Pull out the locking latch-shown in the 
"locked" position in the toggle operated switch picture 
on the left-hand page-and the switch is locked. It can­
not be forcibly operated. The lock can only be released 
by pushing downward on the locking latch. The hole 
in the top of the locking latch will accept a padlock for 
locking the starter in the "STOP" position. For added 
safety, all types of enclosures can also be padlocked. 

positive contact 
position indicator 
On the right side, adjacent to the 
starter, is a white tab. It indicates 
whether the starter contacts are either 
open or closed. When the contacts 
are closed, this white tab extends 
beyond the operator housing and is 
clearly marked ON. The indicator tab 
operates directly from the contact 
crossbar and is independent of the 
switch mechanism, in order to assure 
that it provides a positive indication 
of contact position. Likewise, OVER­
LOAD RELAY TRIPPING is imme­
diately apparent-there's no guess­
work. When an overload relay trips, 
it opens the contacts, and the white 
contact position indicator drops into 
its OFF position. Thus, the operator 
can tell immediately that the opera­
tion of an overload relay has tripped 
the starter to its OFF position. 

NEMA Type 4 new NEMA Type 4 watertight and corrosion-resistant enclosures 
The enclosure base and cover are molded from a high impact material, which is 
completely inert to attack by corrosive atmospheres. A synthetic rubber gasket 
between cover and base seals out moisture and corrosive atmospheres. In addi­
tion, the stainless steel shaft for the operator has a tight O-ring seal. 

new N E MA Type 7-9 cast aluminum enclosures for hazardous locations 
and also the NEMA Iype 4 enclosures have their operating levers recessed below 
the cover of the enclosure, where they are protected from mechanical damage. 
Furthermore, since the hole for the shaft of the operating lever is located in a 
downward direction, water cannot collect. This minimizes, if not virtually elimi­
nates, all danger of having this shaft "freeze" tight, when these starters might 
be used in below freezing temperatures. 
466-6KD NEMA Type 7-9 

The important features of this new Bulletin 609 
line justifies your immediate investigation. Please 
write: Allen- Bradley Co., 1204 South Third St., 
Milwaukee, Wis. 53204. In Canada: Allen-Bradley 
Canada Limited. Export Office: 630 Third Ave., 
New York, N.Y. U.S.A. 10017. 

ALLEN-BRADlEY 
Member of NEMA 

QUALITY MOTOR CONTROL 
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50 AND 100 
YEARS AGO 

JUNE, 1916: "The world's altitude 
record was broken on April 26 when 
Harry G. Hawker flew to a height of 
24,408 feet in an aeroplane at Brook­
lands, England, according to an an­
nouncement made by the Royal Aero 
Club. Although Heinrich Hoelerich, a 
German aviator, attained a height of 
25,756 feet in 1914, this feat has not 
been recognized by the Royal Aero 
Club." 

"Plans for the utilization of the tidal 
currents in the Bay of Fundy are now 
being studied. This bay is about 150 
miles long, and for a large portion of 
its length it is about 40 miles wide. 
The tide rises 50 feet at the head of 
the bay and in the main body from 28 
to 30 feet. In the middle of the bay 
the current flow is from one to two 
knots, and in the Digby Gut on the 
Nova Scotia coast it rises to four knots; 
but in the Minas Channel a rate of from 
eight to 10 knots exists, and it is here 
that it is proposed to establish a power 
station. This location is also desirable 
as the possibilities of disposing of power 
in this neighborhood are particularly 
good. Special motors will have to be 
devised for this use of the tidal current; 
and probably some system of storage 
reservoirs will also have to be provided 
to cover periods of the day when there 
is no tidal flow." 

"In answer to a newspaper correspon­
dent's request for an opinion concern­
ing the German Fokker monoplanes, of 
which so much has been heard of late, 
M. Bleriot, the aviation pioneer, re­
plied: 'It is a very greatly overrated 
aeroplane and no better than the aero­
plane we have had in France for a long 
time. I refer to Morane-Saulnier. The 
German machines are without doubt in­
ferior to ours or yours, but they have an 
engine, the Mercedes, which is as good 
as, but no better than, the French en­
gines. Never for a moment has Ger­
many had mastery of the air, and now 
that we have this machine we have es­
tablished a lead which will never be 
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wrested from us.' The new machine re­
ferred to is called the 'Spad' and has 
a speed in excess of 125 miles per 
hour." 

"At a recent meeting of the Royal 
Institution in London, Sir James Dewar 
exhibited a remarkable soap bubble that 
he had blown a month before and 
which was still as perfect as when 
formed. It is described as a glowing 
sphere of iridescent color, showing no 
signs of 'blackness,' which is the prel­
ude of collapse. The longevity of the 
bubble is described by Lord Rayleigh 
as a case of suspended gravitation, 
which is due to the fact that it was 
blown in and with clean air, free from 
motes, which appear to be the seeds of 
decay." 

JUNE, 1866: "The idea of the pos­
sible exhaustion of the coal fields of 
England is a subject that now excites 
apprehension in the minds of English 
statesmen and manufacturers. The 
Right Hon. J. Stuart Mill, the able 
writer on political economy, in a recent 
speech in the House of Commons, the 
delivery of which occasioned great in­
terest, spoke as follows upon this sub­
ject:-'The termination of our coal sup­
plies, though always certain, has always, 
until lately, appeared so distant that it 
appeared quite unnecessary for the 
present generation to occupy itself with 
the question. The cause of that was 
that we had calculated upon the then 
rate of consumption; but the fact now 
is that our consumption of coal in­
creases with such extraordinary ra­
pidity from year to year that the prob­
able exhaustion of our supplies is no 
longer a question of centuries but of 
generations. If the present rate of con­
sumption continues, three generations 
at the most, or very possibly a much 
shorter period, will leave no workable 
coal nearer to the surface than 4,000 
feet in depth; and that depth will en­
tirely put it out _of the power of the 
country to compete in manufactures 
with the richer coal fields of other coun­
tries. I think, then, if there be any one 
in this house or out of it who knows 
anything that will invalidate these con­
clusions, it will be right of him to come 
forward and make it known.' " 

"At a meeting of the Massachusetts 
Institute of Technology the atmospheric 

resistance to railroad trains was shown. 
A set of cars made of pasteboard with 
the engine of the usual form and shape 
was placed upon a horizontally revolv­
ing cam attached to a vertical shaft 
driven round by the force of a given 
weight; the time of the revolutions was 
measured by an instrument beating 
seconds. Then the proposed improved 
form of car and engine (which improve­
ment consisted in the conical shape 
given to the front part of the engine, 
the same shape also to the rear end of 
the last car, the spaces between the 
cars covered with canvas, with some 
other lesser changes from the common 
form) was placed upon the same rotat­
ing arm. The result showed, with the 
same power applied and the same 
weight of cars and engine, a saving of 
25 per cent in speed, which is of course 
equal to a gain of 25 per cent of run­
ning expense-certainly a most impor­
tant item for railroad directors and rail­
road stockholders to inquire into. The 
same has also been tried by the same 
parties with hand cars upon some of the 
roads in Massachusetts, with equally 
favorable results." 

"In our last number we alluded to 
the Aereon, then under construction in 
New York by Dr. Andrews. On May 
26th the aerial ship was launched for a 
trial trip, ascending to a considerable 
elevation, apparently for a time under 
the perfect control of the aeranaut, ris­
ing but slowly and going rapidly for­
ward at an angle of less than 45 degrees 
in the direction of Westchester County. 
Having reached somewhere about Har­
lem, the Aereon seemed to be less under 
control than before, being drifted for­
ward in the direction in which the wind 
was blowing, following in that course 
till she was lost sight of. On gaining an 
open space the Aereon was allowed to 
descend, and the party finally alighted 
in a field near Astoria. The gas was per­
mitted to escape, and the apparatus was 
brought back to the city. It appears that 
it had been the intention of Dr. An­
drews to sail against the wind, but this 
was found to be impracticable from the 
fact of the rudder's not being sufficiently 
large and strong. The ship was turned 
three times head to wind, but she could 
not be held in that position. The in­
ventor and his friends express them­
selves well satisfied with the results of 
the trip and feel assured that when a 
few more improvements have been per­
fected they will be enabled to navigate 
the air with as much certainty and also 
more safety than we now navigate the 
waters." 

© 1966 SCIENTIFIC AMERICAN, INC



Report from 

BELL 
LABORATORIES 

A relay for every communications need 

The average modern telephone 

office uses 50,000 or more relays, and 

an average telephone call involves 

1000 relay operations and 7000 elec­

trical contacts. Furthermore, a tele­

phone relay is typically expected to 

operate with not more than one 

failure in 5 million operations-the 

equivalent of 40 years of service life. 

Some electromechanical relays developed 

at Bell Telephone Laboratories: 

The large unit at the bottom foreground is 

the wire .. spring relay, the switching "work .. 

horse" of the Bell System. It takes many 

forms, with many contact arrangements and 

such speCial features as magnetic latching. 

Upper left is a rugged miniature relay. It 

can be mounted directly on a printed·circuit 

board or in a socket. In this type, each pair 

of precious-metal contacts is closed by its 

own pretensioned springs. Thus, contact force 

remains constant for millions of operations 

and is essentially unaffected by wear. 

Right center are two subassemblies of a 

"crystal can" relay, especially designed to 

The jobs assigned to relays range 
from simple switch closures to the 

computer-like functions of counting, 

machine memory, and number and 

code translation. These call for a 

variety of relay types, many of them 

tailored for use in electronic switching 

systems, data systems, and submarine 

cable amplifiers. 

withstand extreme environments. It went into 
space in the TELSTAR® I and II satellites and 

will be in the ocean in submarine cable ampli­

fiers. This relay's moving masses are bal­

anced and are therefore virtually immune to 

vibration and shock. And, because the coil 
is sealed and because the moving parts con­

tain no organic materials, it is highly resistant 
to internal deterioration. 

The three units at the center are glass­

sealed reed contacts; they are unaffected by 

the external atmosphere. The topmost of the 

three, a mercury-wetted reed, is chatter-proof; 

its contacts stay closed without "bouncing." 

This is accomplished by feeding liquid mer­

cury-sealed within the glass envelope-to 

the contacts by capillary action. A fast-acting 

Therefore, Bell Telephone Labora­

tories maintains a continuing pro­

gram of designing and developing 

reliable and economical relays to 

meet the ever-expanding needs of 

modern communications. 

@ Bell Telephone Laboratories 
� Research and Development Unit 01 the 8ell System 

device, it has the highest current-carrying 
capacity of any communications-type switch 

element. Also, it has the longest life, often 

up to 1 billion operations. 

The two remaining units are sealed dry 

reeds. They can make contact in less than 

1/1000 second. Relays containing such dry­

reed contacts and associated operating coils 

may have one or many contacts in an appara­

tus unit. Ferreed switches, for example, used 

in the Bell Laboratories·developed Electronic 

Switching System, have ao many as 256 con­

tacts in one unit. A dry·reed type relay also 

replaces five larger relays in a translator, 

which control a ten-digit indicator tube. 

Typical enclosures are seen in background. 

All units are shown about 4/5 actual size. 
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Chase Manhattan's approach to 
multinational banking 

A joint statement to multinational companies by 
Chairman Champion and President Rockefeller 

Were we to select one phrase to sum up our responsibil­
ity to a customer operating multi nationally it would 
be "The best job that can be done, with whatever fa­
cilities are necessary to do it." 

What this comes down to is flexibility. 
We know from appraising the present, probing into 

the future and drawing on more than a hundred past 
years of worldwide banking experience that no pat oper­
ational plan is adequate for all customers' needs. 

Sometimes the Open Sesame to a customer's multi­
national requirements is a correspondent bank in a re­
mote corner of the world. Another time the best place 
to turn might be to one of our overseas branches or 
representatives. And there are our affiliates-indige­
nous and established banking organizations strategi­
cally selected for their importance to the world's most 
thriving trade areas. 

These are the ways we accomplish multinational 
business matters today. We will continue to seek affili­
ations where appropriate. Our relationship with corre­
spondent banks all over the world will be strengthened. 
Our branches outside the United States will continue 
to multiply. And, we will undoubtedly add more repre­
sentative offices. 

Flexibility requires all of these operational factors 
in increasing abundance. 

In 1962 in Brazil we affiliated with Banco Lar Bra­
sileiro. One of Brazil's progressive banks, Banco Lar 
has 33 offices in key cities throughout all of Brazil. In 
the same year in Venezuela, we formed an affiliation 
with Banco Mercantil y Agricola. A leading Caracas 
bank, Banco Mercantil offered us, through affiliation, 
17 branches in Venezuela. Last year we affiliated with 
one of Peru's largest commercial banks, Banco Con­
tinental, with 42 offices in the Lima-Callao area. In 
1965 we extended our associations to the hundred-

year-old Standard Bank to join in serving seventeen 
African countries through 1,104 branch offices. And 
this year we have expanded even further by entering 
into an agreement with Banque de Bruxelles, Belgium's 
second largest bank, to jointly own Banque de Com­
merce with offices in Brussels and Antwerp. 

By working together with established banking or­
ganizations like these the world over we can give multi­
national customers the area savvy of the indigenous 
banker. For added strength and the American touch 
we have ranking Chase men working side-by-side with 
affiliate management. 

And affiliation offers our customers another major 
advantage. 

The deposits of our affiliates are in local currency. 
Therefore, we can better serve our customers seeking 
to expand to countries where these affiliations are lo­
cated. 

This, then, is our approach: 
To offer multinational business a service flexibility 

that uses, according to the dictates of advantage, the 
separate or collective capacities of our affiliates, our 
overseas correspondent banks, our offices in major 
trade centers, our representatives in key cities the 
world over and the services of our home based World 
Wide Projects Division. 

* * * 

In short, we propose to do the best job for multina-
tional companies with whatever facilities are necessary 
to do it. And we've chosen flexibility as the way to serve 
you best wherever you have a multinational need. 

THE CHASE MANHATTAN BANK �� 
NATIONAL ASSOCIATION -. ; 

Head Office: 1 Chase Manhattan Plaza, New York, N.Y. 10015 
Member Federal Deposit Insurance Corporation 

h��J\4.� 
CHAIRMAN Of THE BOARO PRESIOENT 
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THE AUTHORS 

FORREST E. LINDER ("The Health 
of the American People") is director of 
the National Center for Health Statis­
tics, a unit of the U.S. Public Health 
Service. The center's responsibility is to 
provide the factual basis for the plan­
ning and evaluation of public health 
programs. Linder was graduated from 
the State University of Iowa in 1930 
and received a Ph.D. there two years 
later. Since then he has been involved 
in statistical work relating to demo­
graphic and public health subjects. He 
has served in the U.S. Bureau of the 
Census, the Navy's Bureau of Medicine 
and Surgery and the United Nations as 
well as the Public Health Service. Al­
though his concern is with statistics of 
health, he believes that "the major 
emerging problems of the present gen­
eration are not related to health statis­
tics in the more traditional sense but to 
national and international crises that 
will arise out of rapid population 
growth." Linder wishes to call attention 
to the fact that he wrote his article in a 
private capacity and that no official 
support or endorsement by the U.S. 
Public Health Service is intended or 
should be inferred. 

R. W. CLARKE ("Locating Radio 
Sources with the Moon") is a research 
scientist with the Radiophysics Labora­
tory of the Commonwealth Scientific 
and Industrial Research Organization of 
Australia. He was graduated from the 
University of Cambridge in 1959 and 
obtained a Ph.D. there in 1963. In the 
same year he took up his present work. 
He describes his principal research in­
terest as "extragalactic radio sources, 
with particular reference to the detailed 
structure of the sources and to the cos­
mological significance of radio-source 
observations." 

CYR US LEVINTHAL ("Molecular 
Model-building by Computer") is pro­
fessor of biophysics at the Massachu­
setts Institute of Technology. His origi­
nal bent was toward physics; he took a 
Ph.D. in nuclear physics at the Univer­
sity of California at Berkeley in 1950 
and spent seven years in the physics 
department of the University of Michi­
gan, starting as instructor and leaving 
as associate professor. In 1957 he began 
his present work in the biology depart­
ment of M.I.T. Levinthal did his under-
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graduate work at Swarthmore College, 
from which he received a bachelor's de­
gree in 1943. 

LUNA B. LEOPOLD and W. B. 
LANGBEIN ("River Meanders") are 
respectively chief hydrologist and re­
search hydrologist of the U.S. Geologi­
cal Survey. Leopold was graduated 
from the University of Wisconsin in 
1936 with a degree in civil engineering. 
In 1944, while he was teaching meteo­
rology to Air Corps cadets, he com­
pleted work for a master's degree in 
physics-meteorology at the University 
of California at Los Angeles. He ob­
tained a doctorate in geology at Har­
vard University in 1950. Leopold joined 
the Geological Survey in 1950, after 
three years as head of the department 
of meteorology at the Pineapple Re­
search Institute in Hawaii; he became 
chief hydrologist of the Geological Sur­
vey in 1957. Langbein was graduated 
from Cooper Union in New York in 
1931. He spent four years as a construc­
tion engineer in New York before join­
ing the Geological Survey. 

PATRICK ECHLIN ("The Blue­
Green Algae") is senior assistant in re­
search in the School of Botany of the 
University of Cambridge. He is also in 
charge of electron microscopy at the 
school. Echlin obtained a teacher's cer­
tificate from Goldsmiths' College of the 
University of London in 1954 and a 
bachelor's degree from University Col­
lege London in 1957. For the next five 
years he was at the University of Penn­
sylvania School of Medicine, where he 
obtained a Ph.D. in medical microbi­
ology in 1961. His research interests in­
clude not only algae but also the fine 
structure and development of pollen. 
Outside of his work his interests in­
clude photography, gourmet cooking, 
gardening and the camping variety of 
travel. 

IMANTS REBA ("Applications of the 
Coanda Effect") is a research engineer 
at the lIT Research Institute, which is 
associated with the Illinois Institute of 
Technology. He was born in Latvia and 
lived there until he was 18 years old, 
moving to Germany in 1944 and to the 
U.S. five years later. In 1951 he entered 
the Polytechnic Institute of Brooklyn, 
where he obtained bachelor's and 
master's degrees. He is now complet­
ing work for a doctorate in mechanical 
and aerospace engineering at the Illinois 
Institute of Technology. Reba's research 
activities have included the study of 

combustion instabilities in liquid-pro­
pellant motors and the development of 
an experimental liquid-propellant rocket 
system. More recently he has investi­
gated new combustion concepts and also 
has studied conventional combustion 
methods in the course of an effort to re­
duce corrosion on turbine blades and 
in boiler tubes. 

LEO K. BUSTAD ("Pigs in the Lab­
oratory") is director of the radiobiology 
laboratory and professor of radiation bi­
ology in the School of Veterinary Medi­
cine of the University of California at 
Davis. His degrees include a doctorate 
in veterinary medicine, which he ob­
tained from Washington State Univer­
sity, and a Ph.D. in physiology from 
the University of Washington School 
of Medicine. Before taking his present 
position he was with the Hanford Lab­
oratories (now the Batelle-Northwest 
Laboratory), which operate under the 
sponsorship of the U.S. Atomic Energy 
Commission. Bustad writes: "Outside 
of science I am sort of an amateur theo­
logian and am involved locally in a phil­
osophical discussion group and nation­
ally in a retreat center called Holden 
Village, where I will be the scientist in 
residence for a short time this summer, 
addressing the general subject of science 
and faith. Additionally I have been a 
member of the board of directors of a 
social agency concerned with a home for 
unwed mothers, foster-home care and 
an adoptive agency. I am also a velY 
amateur bird watcher and gardener." 

C. VANCE HAYNES, JR. ("Ele­
phant-hunting in North America"), is 
director of the radiocarbon laboratory 
in the geochronology laboratories at the 
University of Arizona. He writes: "My 
father, Major General C. V. Haynes, 
was a pioneer in military aviation. My 
youth was spent on military posts in 
Virginia, Alabama, Kansas, Puerto Rico, 
New York and Newfoundland. After 
graduation from the Hill School in 
Pennsylvania I atte'nded Johns Hopkins 
University, the Colorado School of 
Mines and the University of Arizona." 
Haynes reports that he is working at 
present on "fundamental problems of 
alluvial deposition, erosion and soil for­
mation in relation to the climates of the 
Ice Age." 

MARSHALL D. SAHLINS, who in 
this issue reviews Structural Anthropol­
ogy, by Claude Levi-Strauss, is profes­
sor of anthropology at the University of 
Michigan. 

© 1966 SCIENTIFIC AMERICAN, INC



You wouldn't think 
one electronic calculator 
would be more accurate 
than another. 

But one is-Cogito! 
The new Marchant® CogitoTM is more 
accurate than other calculators be­
cause it doesn't throwaway significant 
digits in complex and involved com­
putations. Even some of the more so­
phisticated calculators still have trou­
ble handling decimals, still arbitrarily 
drop significant digits from the an­
swers presented. Others signal they 
can't handle the problem at all. Cogito 
is a compact desk-top electronic cal­
culator with unprecedented capacity 

and a completely automatic decimal 
system. . 

It can handle computations involv­
ing two twelve-digit numbers, present­
ing the twenty-four most significant 
digits as the answer. And you get all 
the accuracy of over a hundred deci­
mal places in the product register. 
Other features of this compact calcu­
lator include: automatic floating dec­
imal point; three independent stor­
age registers for recall of any number 

in a computation; half-sized zeros 
which make significant numbers stand 
out for instant reading; silent opera­
tion; basic lO-key keyboard, easy to 
use for anyone familiar with adding 
machines. See for yourself how much 
more accurate the new Cog ito is than 
any other calculator. No obligation, 
just mail the coupon. 

MARCHANT CALCULATORS 
SCM CORPORATION, 410 PARI( AVENUE. NEW YORK, N Y 10022 

OFFICES IN CANADA AND MAJOR CITIES THROUGHOUT THE WORLD 

SA·6 
SCM Corporation, 
410 Park Avenue, New York, N. Y. 10022 
Please send me full details on Marchant Calculators 
without cost or obligation. 

Name __________ Title ____ _ 

Address ______________ _ 

Company ______________ _ 

City _______ State ___ Zip __ _ 
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High Energy for Space: A report from General Dynamics 

How can you add calories and not gain 
weight? 

The question, only rueful to waistline 
worriers, is vital to space flight. Calories 
are energy that has to be unlocked from 
fuel. The fuels that now lift relatively 
large payloads into earth orbit are not 
really efficient to take them al1 the way 
to the moon. Something with more "cal­
ories" to the ounce is needed. 

The theoretical answer has been 
known for years-hydrogen. 

Hydrogen contains more heat units 
to the pound than any carbon-derived 
power source. It burns explosively when 
mixed with oxygen. Under proper con­
trol, it would be ideal. 

Enigmas of ultra-cold: 
Hydrogen, existing naturally as a gas, 
is unnoticeable under everyday condi­
tions. To be used as a practical space 
fuel, it must be carried in the vehicle as 
a liquid. ]n that form it is one of the 
coldest things in existence, 4200 below 
zero Fahrenheit. 

In this world of ultra-cold, most ma­
terials become as brittle as thin glass. 
Should the temperature rise only a few 
degrees, liquid hydrogen "boils" into a 
rapidly expanding gas that could burst 
through a sealed container. 

Could liquid hydrogen be contained 
within a vehicle light enough for space 
flight? Could it be kept cold enough? Be 
controlled so precisely that its reaction 
with oxygen would give exactly the 

Atlas-Centaur launches a payload. 
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amount of thrust needed? 
Today, hydrogen has been tamed. 

When the National Aeronautics and 
Space Administration's Surveyor lands 
on the moon, it will have been put on its 
way by Centaur, the first space vehicle 
fueled by high-energy liquid hydrogen. 

Centaur was originally started by 
General Dynamics as a research project 
for the Department of Defense to test 
the feasibility of hydrogen as a fuel. 
Now operational for NASA, Centaur 
is the most powerful upper-stage space 
vehicle for its size and weight available. 
In nature the most efficient container 
in terms of weight to strength is con­
sidered the shell of an egg. Centaur, 
which needs only 1I35th of a pound of 
tank for each pound of propellant car­
ried, is three times more efficient. 

But before Centaur became opera­
tional, major problems had to be solved. 

Early hurdles ... 
On the ground liquid hydrogen must be 
stored in large stainless steel tanks with 
double walls filled with insulation and 
evacuated to a high vacuum. Similar 
permanent insulation would mean a 
substantial weight penalty for a space 
vehicle. 

With the best available insulation, 
relatively high external air temperatures 
on earth and the friction heat generated 
during booster flight cause some boil­
off, creating the danger of constantly 
increasing gas pressure inside a tank. 

Liquid oxygen must be carried in the 
vehicle to react with the hydrogen. Lox 
is pretty cold itself at -297° F., but "hot" 
enough to make hydrogen boil. 

Centaur's stainless steel tank, which 
is also the external skin of the vehicle, 
is only one-third the thickness of a dime. 
The extreme cold initially created mi­
croscopic cracks, visible only under mag­
nification, in the stainless steel around 
some welds. Such cracks could cause 
structural weakness -and leaks, since 
hydrogen, the smallest of atoms, can 
seep through openings that will hold 
back everything else. 

... and answers: 
For external insulation Centaur is 
wrapped with 1,200 pounds of inch­
thick glass fiber panels filled with plas­
tic foam. Just before the upper stage 
separates from its booster, the panels, 
which have served their purpose, are 
forced away by explosive charges. Now 
Centaur is free to reach its required 
speed at a minimum insulation-weight 
penalty to the mission. 

To control boil-off, venting systems 
bleed off hydrogen gas during propel­
lant loading and until launch at 18 
pounds per minute. Excessive pressure 
is prevented from developing inside the 
tank, yet the gas is sufficiently diffused 
that it can be fed into the atmosphere 
without danger of explosion. During 
booster flight, venting continues until 
the vehicle enters the frictionless cold 

How Centaur works as a space vehicle 

Space flight requires both muscle and 
speed. Whether the payload is a grape­
fruit-sized satellite or a manned cap­
sule, it must be pushed to a speed of 
25,300 feet per second to reach a 160-
mile high orbit around the earth. To go 
to the moon, it must hit 36,000 f.p.s. 

The muscle is supplied by a launch 
vehicle whose initial push, defined in 
pounds of thrust, must be sufficiently 
greater than the total weight of the ve­
hicle, fuel and payload to overcome 
the pull of gravity. 

The heavier the combination, the 
more thrust is needed to get it started 
against the pull of gravity and to keep 
it moving fast enough to reach its desti­
nation. 

Just adding more propellant to a 

single stage vehicle would ultimately 
make the propellant containers so 
heavy that the vehicle could not reach 
the necessary velocity. 

So for speed, a second stage is used. 
This tandem combination can be 

compared to a sports car being pushed 

by a truck. The truck goes as far and as 
fast as it can. When both vehicles reach 
the top speed of the truck, the fully 
fueled sports car starts, adding its own 
acceleration to carry its driver farther 
and faster. 

Centaur's "truck" so far has been an 
Atlas, the same General Dynamics' 
launch vehicle that boosted the first 
American astronauts into orbit. 

Fully fueled on the ground, Atlas, 
Centaur and a two-ton payload weigh 
a total 303,000 pounds. Atlas' 380,000 
pounds of thrust, provided by a kero­
sene-derived fuel, push the combined 
vehicles to 91 miles and a speed of 
12,700 f.p.s. before it drops off and Cen­
taur's hydrogen fueled engines take over. 

The high energy of the smaller Cen­
taur now need push only the 36,500 
pounds of itself and the payload against 
less gravitational effect and without the 
resistance of the atmosphere. After 440 
seconds of firing, Centaur is traveling 
at 36,000 f.p.s., fast enough to send its 
payload along its orbit to the moon. 
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of space, when the bleed drops to a 

half-pound per minute. 
One step in the elimination of micro­

cracks was to thicken the original skin 
of Centaur a bare .004 inch to its cur­
rent .0 14 inch. To reduce them further, 
all the vehicle's 162,000 spot-welds are 
X-ray inspected, and any imperfect 
welds are repaired before assembly con­
tinues. 

Extra chores: 

In addition to its fuel energy, the hy­
drogen even helps itself work. 

The ultra-cold actually solves one in­
sulation problem. Oxygen and hydro­
gen tanks are separated by less than 
one-third of an inch, but the liquid hy­
drogen freezes air between the tanks 
into a solid, creating a narrow vacuum 
that minimizes the passage of heat. 

The thrust chamber-where the fuel 
is burned - develops temperatures of 
some 5,500° F. Such heat could quick­

ly bring the cryogenic propellants to the 
explosion point. 

On its way to be "burned," liquid hy­
drogen is first pumped through a cool­
ing jacket surrounding the thrust 
chamber, separating the very hot from 
the very cold areas. 

In absorbing the engine heat the liq­
uid expands to a turbulent gas to be 
used for the energy reaction. But some 
is temporarily diverted to drive turbo­
pumps that feed the propellants in re­
quired amounts to the engines. Without 
this technique, propellants would have 
to be force-fed to the engines under 
high gas pressure, requiring thicker 
tank walls and greater weight. 

Slimming down more:
' 

Centaur, for its size, is the most efficient 
single vehicle in operation today. Its 
fuel is the most efficient currently avail­
able for space use. 

Yet further improvements are being 
worked on by General Dynamics: met­
als equally strong and possibly lighter; 
"super-insulations"; uprated engines, 
advanced control systems and fuel addi­
tives to increase performance. 

As Centaur matures, it's going to 
take on even more calories-and prob­
ably lose more weight in the process. 

General Dynamics is a company of sci­
entists, engineers and skilled workers 
whose interests cover every major field of 
technology, and who produce: aircraft; 
marine, space and missile systems; tac­
tical support equipment; nuclear, elec­
tronic, and communication systems; ma­
chinery; building supplies; coal, gases. 

GENERAL DYNAMICS 
One Rockefeller Plaza. New York. New York 10020 

I-Atlas starts Centaur and its payload on their flight. 2-Shortly before Atlas and Cen­

taur have separated, insulation panels and then nose fairings have been jettisoned. 3-
Atlas separates and Centaur and payload start their phase of journey. 4-Centaur has com­

pleted firing and separated from payload. 5-Payload continues along its orbit to the moon. 
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Sylvania ECG 
finds the way 
to"dig a hole" 

for destructive 
electrical surges. 

Numerous protective devices have been developed 
for momentarily "grounding" electrical lines sub­
jected to extreme voltage surges. The problem has 
been to devise a method that would shunt repeated 
high energy surges to ground instantaneously 
without damage to the protective device itself. 

The Sylvania Electronic Components Group 
solved the problem through the development of 
an electronic surge arrestor capable of dissipating 
natural and man-made electro-magnetic impulses 
with energies as high as 110 coulombs-greater 
than the surge of an average lightning bolt! 

Basic to the device is Sylvania's new Type 
SG-1360 spark gap composed of three metal alloy 
electrodes hermetically sealed in a ceramic and 
metal package back-filled with an inert gas. Under 
normal conditions, it presents a virtual open cir­
cuit between both sides of a communication line. 
In the presence of a voltage surge, it fires instantly, 
and bypasses the surge to ground, then restores 
itself to the open circuit condition. 

When used as a primary protective device in 
communications and control equipment for indus­
trial and military use, the Sylvania electronic 
surge arrestor is capable of reducing high transient 
energy from whatever source to a safe level for sec­
ondary protectors in applications such as solid-state 
power supplies and computers. And does so repeat­
edly without suffering damage or deterioration. 

"Digging a hole" for destructive electrical surges 
is another example of advanced component design 
resulting from Sylvania ECG unified research and 
engineering. And a way to find the answers to your 
problems in system design. 

Sylvania Electronic Components Group, 
Sylvania Electric Products Inc., Seneca Falls, 
New York 13148. 

SYLVANIA 
GEN'ERRAL TELEPHONE & ELECTRONICS G1.&E 
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The Health of the American People 
The death rate lS no longer an adequate index of a population's 

health. New techniques have been developed with which to assess 

the nation's health problems and plan for improved medical care 

T
he health of a country's people 
has traditionally been measured 
by the rate at which they die: a 

decreasing death rate is taken as an in­
dication of increasing health. In recent 
years, however, the concept of health 
has undergone significant changes. 
There is a new interest in the total 
quality of life rather than merely the 
length of life, in the positive elements 

by Forrest E. Linder 

of good health rather than merely the 
absence of disease and infirmity. As 
medical science advances, moreover, it 
becomes increasingly pertinent to know 
the extent and degree to which new 
knowledge and techniques are being 
applied throughout the population. The 
death rate, and indeed the entire battery 
of vital statistics that have long been 
collected by the states and the Federal 

Government, no longer yield enough 
information on which to base a sound 
national health policy. 

How, then, can the health status of 
an entire population be calibrated so 
that goals can be set and progress to­
ward those goals can be gauged? The 
annual U.S. investment in health and 
medical care is now $35 billion, or 5 
perc en t of the country's total gross 

HEALTH·EXAMINATION SURVEY, one of the major activities 

of the National Health Survey, is conducted in mobile centers. 
Here one of the trailer caravans is seen in Charleston, S.C., where 

examinations were under way for children aged 12 through 17. 
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PHYSICAL EXAMINATION conducted in the mobile center takes three and a half hours. 

It includes, in addition to the usual components of a routine health checkup, a dental ex­

amination, psychological testing and precise body measurements of the kind shown here. 
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national product. By what standards 
can one judge whether or not the in­
vestment is being allocated efficiently? 
These are the questions with which 
public health officials were faced when 
Congress in 1956 established the Na­
tional Health Survey and charged it 
with laying the factual foundation for 
new thinking about national health 
problems and the level and extent of 
medical care. 

The major problem in developing the 
National Health Survey was method­
ological: my colleagues and I at the 
National Center for Health Statistics 
had to design, test and install novel 
data-collecting systems and statistical 
treatments. Our approach has been to 
rely on the powerful technique of popu­
lation sampling and to project the re­
sults of our detailed studies in order to 
obtain information on the U.S. popu­
lation and its various segments. The 
purpose of this article is to explain the 
methods we have developed and report 
on some findings of the past 10 years. 

Statistics are the underpinning for 
programs of actiol!. in almost any 

area of human activity, and as a society 
assumes greater responsibility for the 
well-being of its members one of the 
chief difficulties has been the lag in 
social statistics. Economists do such 
things better. Their body of generalized 
economic theory has enabled them to 
devise such sensitive probes of economic 
activity as the input-output matrixes 
and such overall indexes as the gross 
national product, which blends a great 
number of disparate elements into a 
single figure that measures the economic 
state of the nation. 

Perhaps it will someday be possible 
to develop a GNP-like health index­
perhaps a "gross national health deficit" 
(GNHD) that could blend together in 
one number the days of healthful living 
lost each year by the chronically and 
acutely ill, the days of life lost through 
death that comes too soon and all the 
impairment suffered for lack of medical 
treatment and advice. Even if it were 
logically possible to construct a GNHD, 
it might not meet all needs because it 
would still stress, as conventional health 
statistics do, the negative aspects of 
health. The fact is, however, that the 
health sciences still lack the unifying 
theory and the unit of convertibility 
(such as the economists' dollar) that 
might permit the construction of a single 
index in health. Experimental and theo­
retical efforts are being directed toward 
solving the problem, but for some time 
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the health of a population will have to 
be measured in bits and pieces, each 
having at best a specialized and frag­
mented meaning. 

In deciding what bits and pieces 
should be sought after it is necessary 
to take into account the varying needs 
of different elements in the hetero­
geneous health establishment of the 
U.S. There are national, state and local 
health departments; government, volun­
tary (nonprofit) and private hospitals; 
teaching and research institutions and 
professional groups in medicine, den­
tistry and nursing; economists and so­
ciologists interested in health problems; 
health and life insurance companies, and 
the gamut of commercial organizations 
that make and distribute instruments 
and equipment, drugs, books, appli­
ances and all manner of other health 
products. Each of these elements sees 
the health and illness of the population 
from its own point of view and seeks 
specific information with which to re­
inforce or modify its activities. 

Among them these varied interest 
groups want a broad range of data on 
the physical condition of the popula­
tion-on the average measurements and 
standards as well as on diseases and 
accidents and the conditions under 
which they occur. It is important to 
know the impact of illness and injury 
on the lives of people. How much dis­
ability, either temporary or lasting, does 
ill health cause and to what degree 
does the disability restrict normal activi­
ties? Beyond the fact of illness and its 
impact one wants to know what people 
have done to seek relief and how suc­
cessful they have been. What is the 
availability of medical and dental care 
and of hospital inpatient and clinic 
facilities? How adequate are health and 
disability insurance and other means of 
coping with the economic impact of 
illness? Finally, all such data are much 
more valuable if they are classified ac­
cording to a large number of demo­
graphic, social and economic character­
istics. How do the facts vary with race, 

age, sex, education, income and so on? 
What is the situation with regard to 
the residents of cities, of suburbs or of 
farms, or to different components of the 
working force, or to veterans or school­
children? What are the figures not only 
for the U.S. as a whole but also for each 
region, state and major city? 

Before 1956 material of this kind was 
simply not available in adequate detail. 
The U.S. had, to be sure, a long-estab­
lished and efficient system of recording 
birth and death statistics. In addition, 
records have long been kept of the an­
nual incidence of a large number of 
diseases and the death rate from each. 
These records are derived, however, 
from the reports of individual states, 
which in turn depend on the complete­
ness and accuracy of reports from in­
dividual hospitals and physicians. The 
many special studies that accumulate 
detailed information on specific diseases 
and conditions and establish standards 
for everything from height and weight 
to cholesterol level, blood pressure and 

HEART SOUNDS are recorded on tape. The recording is part of 

the suhject's record and may also provide material for studies 

of the way in which different physicians interpret heart sounds. 

AUDIOMETRIC TEST is administered to a 16-year-old girl in a 

soundproof compartment of one of the health-center trailers. The 

test measures the threshold of hearing at a numher of frequencies. 
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U.S. DEATH RATE declined rapidly in the first half of the century as infectious diseases 

were controlled, but it has remained almost constant since 1950. The death rate can no 

longer serve as an adequate measure of progress toward better health in a broad sense. 

the prevalence of tooth decay are based 
on selected groups that are in most cases 
quite arbitrary and therefore not neces­
sarily representative of the population 
as a whole. 

When the National Health Survey 
was set up as a continuing activity, 
we soon decided that if we wanted to 
know about people's health, we would 
have to go to those people. Not even 
the most careful compiling and tabulat­
ing of data about people from phy­
sicians' or hospitals' case records would 
do. For one thing, such records have no 
standard content or level of detail. For 
another, any one person may seek care 
in the course of a year from a number 
of physicians, hospitals and clinics; 
their treatments of his conditions may 
overlap, and so will their records. 
Finally, even if all the technical dif­
ficulties could be corrected for, a ma­
jor drawback would remain: medical 
records relate only to illness for which 
medical attention is sought, and there 
is a great deal of poor health that never 
comes to the attention of a physician or 
hospital. 

Clearly the individual person is the 
only focus for all information about that 
person's life. It is only the individ-
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ual himself who knows the total of 
his medical experiences: the illnesses, 
chronic conditions and injuries, the 
effect they have had on his life, and the 
places where he has sought treatment 
or preventive care. The major investiga­
tions of the National Health Survey are 
therefore designed with the individual 
person as the unit of study. There are 
two principal types of survey; in one 
information is collected by means of 
interviews, in the other the method is 
direct physical examination. It would 
of course be too expensive, in time as 
well as dollars, to interview in every 
household and to examine every person. 
Nor, of course, can one survey just the 
people in one city or county or even in 
a few convenient localities and hope 
that their health data will reflect ac­
curately the health of the population as 
a whole. Modern sampling theory, how­
ever, provides techniques that ensure 
that every person in a large population 
has a known chance of being included 
in a small sample, that every stratum 
and significant class and subclass of the 
population will be represented in pro­
portion to their share of the total popu­
lation and-perhaps most remarkable­
that the precision of the survey (insofar 

as the effects of sampling are concerned) 
can be assessed from examination of the 
very data collected in the survey. In 
fact, evidence from a well-drawn sample 
survey can be even more reliable than 
figures from a complete enumeration 
of the population, simply because the 
limited survey can be kept under closer 
control. 

The Health Interview Survey is based 
on interviews conducted in a sample of 
households all over the U.S. It began in 
1957 and is a continuous operation, with 
data being collected week after week 
and with the questionnaires revised 
every year so that information on new 
health topics can be compiled as the 
need arises. About 42,000. interviews 
are conducted each year, covering about 
134,000 individuals-a total to date of 
3 13,000 interviews, yielding material on 
more than a million people. The data 
from these surveys measure the social 
rather than the physiological dimensions 
of health: the total amount of illness, 
how it affects people's lives, what action 
they take to prevent or cure illness and 
what the relation of health and medical 
care is to a wide variety of social, 
economic and demographic variables. 

The Health Examination Survey, on 
the other hand, collects precise physi­
ological and diagnostic data by means 
of comprehensive clinical examinations 
with objective measurements and tests. 
It too is a continuing operation. The 
first cycle, completed in 1962, involved 
the examination of 6,672 people, a rep­
resentative population sample of U.S. 
adults from 18 through 79. The second 
cycle, completed last year, collected 
data on a national sample of more than 
7,000 children aged six through 11. 
Right now examinations are being con­
ducted for children aged 12 through 17. 
The survey is conducted from mobile 
examination centers: caravans of four 
large trailers that together provide facili­
ties for a complete three-and-a-half-hour 
medical examination and for laboratory 
procedures. Each such center, staffed 
by a trained team of medical specialists, 
nurses and technicians, moves about the 
country on a route predetermined by 
the sampling plan, which also selects 
the specific dwelling units in each com­
munity whose residents are to be ex­
amined. 

Although surveys of people are the 
principal tools of the National Health 
Survey, there remains a need for certain 
information that is best collected from 
health institutions themselves. This in­
cludes, for example, information about 
the services hospitals and other insti-
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tutions perform, the nature of their 
facilities and their average bed-occu­
pancy rate; the number of patients and 
their average stay; the cost of hospitali­
zation and the extent of insurance 
coverage. Soon it will be important to 
measure the impact on hospitals of the 
new Federal "medicare" program. The 
Health Records Survey compiles materi­
al of this kind by examining (again with 
a sampling technique) the records of 
hospitals, nursing homes and other in­
stitutions. 

In 10 years the interview, examination 
and records surveys have compiled 

hundreds of thousands of new facts, 
which have been tabulated, analyzed 
and published in some 120 scientific re­
ports. Here I can only hope to give 
some idea of the range of material that 
has been developed. 

The total amount of illness in a pop­
ulation can be measured in many ways 
and for many different purposes. One 
of the most useful concepts is the 
amount of disability a population suffers 
during a given period. This concept 
measures the total weight of illnesses 
striking the general population and 
gives some indication of the cost of poor 
health in terms of economic loss and 
personal suffering. Disability can be 
measured in various categories, the 
most comprehensive of which is "num­
ber of days of restricted activity." 

In 1964 the civilian noninstitution­
al population of the U.S. experienced 
more than three billion days of re­
stricted activity due to illness or injury. 
This figure may be translated into more 
than 16 days of such disability for each 
man, woman and child. The three bil­
lion days of restricted activity included 
more than a billion days of confinement 
to bed, 385 million days lost from work 
and more than 200 million days lost 
from school. It remains for the econo­
mist to convert such figures into a dol­
lar cost to the U.S. economy, but even 
casual computation makes it clear that 
the economic cost of this loss of pro­
ductive life is enormous-to say nothing 
of the human cost. 

There were more than 844 million 
visits to physicians, 294 million dental 
appointments and more than 23 million 
admissions or discharges from general 
hospitals in 1964. That is, on the aver­
age each person in the U.S. saw a 
physician 4.5 times and a dentist 1.6 
times, and about 128 people in every 
1,000 were admitted to and discharged 
from a general hospital. (Such averages, 
as we shall see, vary substantially from 
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CHRONIC CONDITIONS limit in varying degrees the activities of about 22 million Ameri· 

cans. The chart, based on data from the interview survey, shows what percentage of these 

people attribute their disability to each of six categories of diseases and other impairments. 
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region to region, between urban and 
rural areas and by age, sex, income and 
other economic, social and demographic 
characteristics.) Most of these services 
were for the diagnosis and treatment of 
some medical condition. Some 80 per­
cent of all visits to physicians were for 
these purposes; 4 percent were for pre­
natal or postnatal care, 8 percent for 
"general checkups" and 5 percent for 
preventive services such as immuniza­
tion. More than 70 percent of the popu­
lation were covered by some form of 
hospital insurance and more than 65 
percent had surgical insurance. 

What specific conditions and diseases 
contribute to poor health in the 

U.S.? The diagnostic information com­
piled by the surveys varies widely in 
quality and must be interpreted with 
some care. From interviews one can 
learn the health history of a household 
at a level of detail and accuracy that 
necessarily depends on the person being 
interviewed. The physical examination 
reveals chronic conditions with a high 
degree of accuracy, but its definitions 
and criteria must necessarily differ from 
those of more conventional medical 
practice. 

On the basis of interviews we know 
that in the 12 months ending in June, 
1964, Americans suffered from more 
than 380 million acute illnesses serious 
enough to require medical attention or 
at least cause limitation of the patient's 
normal activities. Some 200 million of 
these illnesses were respiratory condi­
tions, including the common cold. In 
addition there were more than 55 mil­
lion cases of nonrespiratory infectious 
disease (including the common child­
hood diseases), about the same number 
of injuries from accidents and some 20 
million illnesses of the digestive system. 
Collectively these acute conditions ac­
counted for well over half of the bed­
disability days that year and of the time 
lost from work. 

Although acute illness and injury 
loom large in the statistics, chronic con­
ditions often have greater impact on 
individuals and, because of their con­
tinuing character, exact a greater social 
cost. Of the population surveyed by 
sampling in 1962-1963 some 80 mil­
lion suffered from one chronic condition 
or more. Of these 80 million 58 million 
experienced no resulting limitation of 
activities; four million were sufficiently 
disabled so that they could not work, 
keep house or go to school; 12 million 
could engage in these "major activities" 
only to a restricted extent and six mil-
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lion, although able to do their basic 
work, were limited in other activities. 

The Health Examination Survey has 
turned up valuable diagnoses of some 
of the major chronic diseases. One of 
its most important findings has been 
the extent of "unknown diabetes" in the 
population. The physical examinations 
indicated that about two million people 
in the U.S. have diabetes and are aware 
of it. They also showed that a substan­
tially larger number of people have 
what are generally considered to be 
symptoms of diabetes even though the 
disease had not been previously diag­
nosed. 

The large dimensions of the heart­
disease problem in the U.S. have also 
become apparent as a result of the ex­
amination survey: about one adult in 
every four has cause to be concerned 
about a heart condition. The survey 
established, on the basis of firm diag­
nostic procedures, that more than 14 
million adults definitely have some form 
of heart disease, and that three million 
of them have coronary heart disease. On 
the basis of less conclusive symptoms, 
almost 13 million more adults have "sus­
pect heart disease." 

The unique value of such figures as 
these is that they are based for the first 
time on a carefully drawn statistical 
sample of the population and can be 
accepted with some confidence as being 
representative of the U.S. population as 
a whole. Specific symptoms can now be 
related on a truly national basis to age, 
sex, body dimensions, blood pressure, 
cholesterol level and other physical 
measurements. In addition to providing 
data on these interrelations the exami­
nation survey is establishing basic phys­
iological standards, in terms of averages 
and frequency distributions, for a num­
ber of physiological and medical mea­
surements. Such basic standards will 
have a permanent value as base-line 
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criteria for future medical observations 10 
and research. 

The aggregate representations of ill-
ness and physical condition are in­

teresting in themselves, but they mean 
more when they are related to some of 
the major social problems that concern 
the American people today. The various 
measures of general health and health 
services can be studied in the context 
of such issues as the war on poverty, 
problems of urbanization, racial justice 
and health care for the aged. In rela­
tion to such major policy problems as 
these the National Health Survey can 
reveal the basic facts of health and 
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clarify some of their interrelations and 
associations, thus providing the factual 
basis for the formulation of policy and 
subsequent legislative and administra­
ti ve action. 

The findings of the survey, for ex­
ample, confirm clearly and in quantita­
tive terms the generally accepted idea 
that there is a positive relation between 
poor health and low income. Consider 
the per capita number of restricted­
activity days for different income 
classes of the population. For people in 
families with a total income of less than 
$2,000 a year there were (in 1961) 29 
days of restricted activity per year per 
person. For those with a family income 
in the $2,000-to-$4,000 range the num­
ber of disability days dropped to 18, 
and in families with an income of more 
than $4,000 the number was 13. 

It is true that to some extent income 
may be low because of illness; further­
more, older people are more likely to be 
both ill and in the less productive stages 
of life with regard to income. 'What we 
want, however, is not to investigate the 
extent to which illness causes low in­
come or low income causes illness but 
to clarify the extent and the manner in 
which the two misfortunes exist to­
gether. Regardless of the direction of 
the causal relation, such information 
provides a factual basis for considering 
what steps, if any, can be taken to 
alleviate the misery implied by the 
figures. 

Without undertaking to untangle the 
cause-and-effect mixture of poor health, 
low income and old age, the National 
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Health Survey reveals that lower-in­
come people-in spite of their increased 
level of illness and greater need for 
health care-receive fewer health ser­
vices than people with higher incomes. 
On the basis of information gathered 
between mid-1963 and mid-1964, 59 
percent of the people with family in­
comes of less than $2,000 had con­
sulted a physician at least once during 
the preceding year. The proportion of 
the population with one visit or more 
to physicians rose steadily with income. 
It was 66 percent for people in families 
with $4,000 to $7,000 a year, 73 per­
cent in families with $10,000 or more. 

The services provided by medical 
specialists show an even sharper gradi­
ent with income. The percentage of 
people availing themselves of these 
services increases consistently from 13 
percent for those with family incomes 
of less than $2,000 to 28 percent for 
those with incomes of $7,000 or more. 

The rate of visits to the doctor is not 
the only statistic that illustrates the 
inverse relation of income to health 
services and protection. The number of 
dental appointments per capita (per­
haps one of the best indexes of elective 
health care) is more than three times 
as high for upper-income groups as for 
the lowest-income group. Poorer people 
lag, as might be expected, in their per 
capita expenditures for health services. 
They also get relatively less care as in­
patients in general hospitals. This may 
be in part because they have signifi­
cantly less insurance coverage. Only 34 
percent of the people with family in-
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comes of less than $2,000 are covered, 
compared with 88 percent of those with 
incomes in excess of $7,000. 

What will be the effects on health 
of the increasing concentration of 

the population in cities and large urban 
aggregations? Urban conditions of liv­
ing now obtain not only within the 
legally defined limits of large cities but 
also in suburban areas. In its earlier re­
ports the National Health Survey classi­
fied its data into "urban," "rural non­
farm" and "rural farm" categories. Now, 
recognizing the significance of "urban 
sprawl," we follow the definitions of 
the Bureau of the Census, classifying 
residences as being either within one 
of the 212 Standard Metropolitan Sta­
tistical Areas (SMSA's), outside the 
SMSA's and not on farms, or outside 
the SMSA's on farms. (An SMSA in­
cludes a central city, the county in 
which it is situated and contiguous 
counties oriented economically and so­
cially toward the central county. Of the 
186 million people in the U.S. in 1961, 
119 million lived in metropolitan areas.) 

In spite of such known urban pres­
sures on health as air and water pollu­
tion, water shortage, overcrowding, 
poor housing, the stresses of city trans­
portation and the generally accelerated 
pace of city life, there is no substantial 
evidence from the National Health Sur­
vey that the overall health of the urban 
resident is worse than that of the rural 
resident. Indeed, the weight of the 
evidence indicates that the rural resi­
dent is at some disadvantage in terms 

20 40 80 
AGE (YEARS) 

VISITS TO PHYSICIANS serve as one measure of the amount of 

medical care. Statistics from interviews show that nonwhites (gray 

line) see physicians less frequently than do whites (black line). 

PHYSICIANS' SERVICES are apparently less available to people 

who live on farms (light gray) and to rural·nonfarm residents 

(dark gray) than they are to people in metropolitan areas (black). 
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of both general health and health fa­
cilities and services. 

For example, in 1964 there were 15.6 
days of restricted activity per person 
per year for residents of metropolitan 
areas, whereas the per capita figure was 
more than 17 for people outside such 
areas. SMSA residents reported 5.2 days 
lost from work per year; people outside 
SMSA's and not on farms, 5.9 days, and 
those living on farms, 7.2 days. In 1961 
urban residents reported 27.2 accidental 
injuries per 100 persons per year, rural­
nonfarm residents 29.2 injuries and 
rural-farm residents 27.6. 

Although these overall figures seem 
to show a slight advantage for the ur­
ban members of the population, there 
is evidence that urban children and 
young adults have a higher rate of 
illness, presumably because they are 
more exposed to transmissible diseases. 
Urban children and young adults have 
more days of restricted activity and of 
bed disability, days lost from school 
and from work. Presumably for the 
same reason, the total number of acute 
conditions per person is higher in the 
more urban areas than in the rural­
nonfarm and rural-farm areas. Among 
older people, in whom immunity to 
common infectious diseases is better es­
tablished, urban residents have a better 
record on all these indexes. 

One thing that is quite clear is that 
urban residents have greater access to 
health services and take advantage of 
that access. At every age the metro­
politan population gets more medical 
and dental services, and a higher per­
centage of urban children receive rou­
tine physical examinations. Increased 
protection is also indicated by health­
insurance coverage: in 1963 approxi­
mately 50 percent of the rural-farm 
population had hospital insurance; 64 
percent of the rural-nonfarm popula­
tion were covered and 75 percent of 
the urban population. 

These indications of the relation of 
health to income and of differences in 
the health status of urban and rural 
residents merely illustrate the relevance 
of the health survey's findings to urgent 
national problems. Much remains to be 
learned; new pressures for more infor­
mation arise continually from the quick­
ened tempo of medical investigation 
and the enlarged Federal interest in 
health. Only on the basis of precise 
data with increasing scope and detail 
can advances in medical science and 
enlightened public policy be translated 
into decent health care for the entire 
population. 

FAMILY INCOME 

UNDER $2.000 

$2,000-$3,999 

$4.000-$6,999 

$7,000-$9,999 

OVER $10,000 

o 20 40 60 
PERCENT OF PERSONS UNDER 17 YEARS 

OPTIONAL SERVICES show a sharp gradient with income. The chart indicates the per­

centage of children under 17 who had a routine physical in the year preceding the interview. 

EDUCATION OF HEAD OF FAMILY 

UNDER 5 YEARS 

5-8 YEARS 

9-12 YEARS 

13 YEARS 

AND OVER 

o 2 
DENTAL VISITS PER PERSON PER YEAR 

3 

DENTAL CARE, to a large extent elective, also varies with social and economic factors. 

The chart relates number of dental visits to the education of the head of the family. 

FAMILY INCOME 

UNDER $2.000 

$2,000-$3,999 

$4,000-$6,999 

OVER $7,000 

o 20 40 60 80 100 
PERCENT OF CASES 

INSURANCE COVERAGE varies in extent and adequacy. Bars show distribution by income 

class of cases in which no part (dark gray segment), less than three-quarters (lighter) or 

more than three-quarters (lightest) of the surgical or delivery fee was paid by insurance. 
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Locating Radio Sources with the Moon 
By tilning when a celestial radio source goes behind the lTwon 

and reappears, its position can be accurately fixed. This simple 

111ethod led to the discovery of the first quasi-stellar radio source 

F
or the past 20 years astronomers 
have been asking the question, 
"''''hat are celestial radio sources 

and why do they emit radio waves?" 
Although the sun was the first radio 
source to be recognized, the study of 
these sources really began with the 
recognition in 1946 of the source named 
Cygnus A, after the constellation in 
which it is located. Many thousands of 
radio sources have now been discovered, 
and presumably thousands more remain 
to be found as radio astronomers build 
more sensitive telescopes. 

One of the most striking things about 
radio sources is that the large majority 
of them are not associated with bright 
visible objects. The exceptions to this 
general rule either are clouds of gas 
within our own galaxy or are bright 
nearby galaxies. Two such galaxies were 
identified with the radio sources Virgo 
A and Centaurus A by the Australian 
workers J. C. Bolton, G. J. Stanley and 
O. B. Slee in 1949. Thereafter little 
progress could be made in selecting the 
faint visible objects with which the 
majority of sources are identified until 
the techniques for measuring the posi­
tion of radio sources had been improved. 

In 1951 F. Graham Smith at the 
University of Cambridge was able to 
make a precise determination of the 
position of Cygnus A. With this infor­
mation Walter Baade, using the 200-
inch telescope on Palomar Mountain, 
found that the position of the radio 
source coincided with that of a faint 
object of the 18th magnitude [see illus­
tration on opposite page]. It was origi­
nally tqought that this unusual object 
represented the collision of two galaxies 
and that the strong radio emission came 
from the energy released in the cata­
clysm. For various reasons astronomers 
no longer accept the colliding-galaxy 
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hypothesis. There does seem to be some­
thing unusual about the galaxies as­
sociated with Cygnus A and with many 
other strong radio sources, but the origin 
of their radio energy remains a mystery. 

By 1961 fewer than a tenth of the 
stronger radio sources had been identi­
fied with visible objects. It was clear 
that if most of the sources were similar 
to those already identified, the rate of 
identification would not improve until 
much better radio-position measure­
ments were available. It had been 
found, however, that at least three radio 
sources appeared to coincide in position 
with rather faint stars in our own 
galaxy. This was a somewhat embar­
rassing discovery because the great 
weight of other evidence had suggested 
that radio sources (with the above-men­
tioned exceptions) were extragalactic 
objects. 

Then in 1962 there occurred a for­
tunate accident of nature. A series of 
occultations, or eclipses, of one of the 
strongest radio sources by the moon 
could be observed from Parkes in Aus­
tralia, the site of a large radio tele­
scope that had just been built by the 
Commonwealth Scientific and Industrial 
Research Organization (CSIRO). Radio 
astronomers had long known that the 
occultation of radio sources should pro­
vide highly accurate measurements of 
position for those sources that lie in the 
small region of the sky traversed by the 
moon. 

The very precise position secured 
from these occultations showed that the 
source 3C 273 (No. 273 in the third 
Cambridge catalogue of radio sources) 
was also associated with what appeared 
to be a star in our galaxy. Now, how­
ever, careful measurements by Palomar 
astronomers showed that the object was 
not a star but a compact galaxy of a 

type previously unknown. �Iany more 
of these objects-the quasi-stellar radio 
sources, or quasars-have since been 
found. They are believed to represent 
at least 30 percent of all radio sources. 
The discovery of quasars has been one 
of the most important and stimulating 
scientific events of the past few years 
[see "Quasi-stellar Radio Sources," by 
Jesse L. Greenstein; SCIENTIFIC A}'fEHI­
CAN, December, 1963]. 

The study of a radio source does not 
end when it has been identified with 

a visible object. Many sources have 
been found to consist of more than one 
radiating region, and these components 
are often separated by distances that 
are much greater than the diameter of 
the visible object. This is the case, for 
example, with Cygnus A, and it pro­
vides an important argument against 
the colliding-galaxy hypothesis. If as­
trophysicists are to understand the 
mechanism that generates the energy of 
radio sources, structural information of 
this kind is required for many more 
sources [see illustration on page 32]. 

One of the restrictions in such in­
vestigations is the fact that it would be 
impracticable to build a radio telescope 
that would provide as detailed a picture 
as the one that can be obtained with 
an optical telescope. To secure a radio 
map with a resolution of one second of 
arc at a wavelength of 21 centimeters 
would require the equivalent of a parab­
oloidal telescope some 30 miles in di­
ameter. The radio astronomer is there­
fore obliged to use other observing 
techniques to obtain the details of his 
picture. 

The early methods of measuring the 
positions of radio sources involved two 
small aerials placed a few hundred feet 
apart and connected to the same re-
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ceiver. Radio waves from a given source 
reach the two aerials at slightly different 
times and produce interference patterns. 
Using the principles of interferometry, 
one can determine the position of a 
strong radio source with the same accu­
racy that one could obtain with a single 
aerial as large as the distance between 
the two small aerials. This technique 
has been used extensively by radio 
astronomers at the University of Cam­
bridge and at the California Institute 
of Technology. It was also applied in 
a different manner in the "Mills cross" 
telescope built at Sydney in Australia. 
More recently observers at Parkes and 
at the National Radio Observatory in 
Green Bank, W.Va., have employed a 
large single aerial to pinpoint radio 
sources. 

By these various methods positions 
have been measured with an accuracy 
of between five and 10 seconds of arc. 

New interferometric telescopes at Cam­
bridge, Green Bank and at the Royal 
Radar Establishment in England should 
be capable of measuring positions with 
an accuracy of one or two seconds of 
arc. For purposes of comparison the 
angular diameter of the moon as it is 
seen from the earth is 30 minutes (1,800 
seconds) of arc. 

It is a limitation of these observing 
techniques that if the source has more 
than one component, the position found 
is the mean position. There is often no 
indication that the source is complex. 
In a few cases, as when there is inter­
ference between the radio signals from 
different parts of the source, interferom­
eter measurements may even have large 
errors. 

One way to obtain additional infor­
mation on the structure of radio sources 
is to use an interferometer with a very 
long base line between aerials and to 

vary the length of the base line. As­
tronomers at the Jodrell Bank radio 
observatory in England have made mea­
surements over a range of distances be­
tween aerials to derive the overall size 
and the size of individual components 
for many radio sources. Their most re­
cent observations, made in conjunction 
with astronomers at the Royal Radar 
Establishment over a base line of 79 
miles, have shown that some sources 
have an angular diameter of less than 
.1 second of arc. Because of experimen­
tal difficulties such measurements can­
not be used to find the absolute position 
of a source; they are employed in con­
junction with a mean position already 
secured by other methods. 

If observations of the same source are 
made with an interferometer that has 
many base lines oriented at various 
angles, one can process the measure­
ments by computer to obtain a radio 

RADIO SOURCE CYGNUS A, the brightest radio source in the 
sky, is the hazy object in the center of this photograph, reproduced 
as a negative. Walter Baade, who made the photograph with the 
200-inch telescope on Palomar Mountain, identified the 18th-mag-

nitude galactic object as Cygnus A after F. Graham Smith at the 
University of Cambridge had made a careful determination of its 

radio position in 1951. Subsequent studies showed that the radio 
emission actually comes from two elliptical regions on each side. 
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RADIO SOURCE 3C 33 provides another example of how radio emissions tend to origi­
nate from regions centered on a radio galaxy, The radio distribution was determined by Per 
Maltby, Thomas A, Matthews and Allen T, Moffet of the California Institute of Technology, 
The photograph was made with the 48·inch Schmidt telescope on Palomar Mountain. 

picture of the sky that is the same as 
one obtainable with a paraboloidal 
aerial equal in diameter to the longest 
base line, In a recent series of obser­
vations utilizing this technique Cam­
bridge astronomers have simulated a 
paraboloid a mile in diameter. This 
method is undoubtedly an excellent one 
for observing faint sources, which re­
quire long integration, or recording, 
times; it is a rather laborious means of 
making observations of strong radio 
sources, for which these long integration 
times are not necessary, 

There is one way, however, in which 
almost any steerable radio telescope 

can be used to secure, in only a few 
minutes of observing time, the position 
and structural details of a radio source 
with an accuracy of one or two seconds 
of arc, This is the method used to iden· 
tify the source 3C 273: observing the 
occultation of the source by the moon, 
The main disadvantage of the technique 
is that only about a tenth of all radio 
sources are ever occulted; moreover, if 
an observation goes awry, it may be 
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several years before it can be repeated, 
The advantages are that the observa­
tions are simple and rapid, Most impor­
tant of all, no elaborate equipment is 
required beyond a steerable radio tele­
scope and a table of the positions of the 
moon, 

Anyone who has looked at the sky on 
successive nights knows that the moon 
changes its apparent position with re­
spect to the stars by several degrees 
during a period of 24 hours, If we 
neglect variations of a few percent, the 
moon travels across the sky about 13 
degrees per day; it moves a distance 
equal to its own diameter (half a degree) 
every hour. Because of this motion, stars, 
radio sources and other astronomical 
objects are steadily being eclipsed and 
then returned to view, The moon takes 
27,3 days to complete one revolution 
around the earth and return to almost 
the same apparent position among the 
stars; the mean time between new 
moons (29,5 days) is longer because the 
earth is also moving around the sun, 
During one lunar month all the objects 
within a strip covering 180 square de· 

grees-a trifle less than half of 1 percent 
of the total sky-will have been eclipsed, 

If this were the limit of the coverage, 
the occultation method would be use­
ful but soon exhausted, Fortunately the 
moon does not repeat its path exactly 
from one month to the next. To get a 
better idea of the total area of sky cov­
ered by the moon over a period of sev­
eral years it is necessary to consider 
briefly the relative positions and motions 
of the sun, the earth and the moon, 
Each of the three bodies is rotating on 
its own axis; the earth is revolving 
around the sun and the moon around 
the earth [see top illustration on opposite 
page], Because the axis of rotation of the 
earth is inclined at 23,5 degrees to the 
axis of the earth's orbit around the sun, 
the apparent path of the sun in the sky, 
known as the ecliptic, follows a track 
that goes 23,5 degrees to the north and 
south of the celestial equator. The axis 
of the moon's orbit around the earth is 
inclined by about five degrees to the axis 
of the ecliptic; this means that the ap· 
parent path of the moon in the sky is a 
circle inclined at five degrees to the path 
of the sun, 

Because of the inclination of the 
moon's orbit around the earth, the moon 
spends most of the time out of the plane 
of the ecliptic, The forces of attraction 
exerted by the sun and the earth on the 
moon are always pulling the moon back 
into this plane; a continuous force acts 
to twist the moon's orbit into the plane 
of the ecliptic. The interaction of this 
twist and the movement of the moon 
along its orbit around the earth causes 
the axis of the moon's orbit around the 
earth to rotate around the axis of the 
earth's orbit around the sun [see bottom 
illustration on opposite page], 

This effect, known as precession, is 
commonly seen when a child's spinning 
top slows down and the axis of rotation 
is no longer verticaL The force of grav· 
ity then tries to twist the top around a 
horizontal axis and the main axis of ro­
tation starts to move around the vertical 
direction, In the same way the axis of 
the moon's orbit around the earth pre­
cesses around the axis of the earth's 
orbit around the sun once every 18,6 
years, During this time the moon's path 
will cross all the sky within five degrees 
of the sun's path, Thus the moon can 
eclipse all the objects lying within a 
belt 10 degrees wide around the sky, 
which represents about 9 percent of the 
total area of the sky, or 20 times the 
area of sky covered in one lunar revolu­
tion [see top illustration on page 34], 

The position and the apparent diam-
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ORBITAL PLANES of the earth and the moon intersect at an an· 

gle of five degrees, with the result that the plane of the moon's 

PRECESSION OF MOON'S ORBITAL PLANE corresponds to a 
clockwise rotation of the axis of the moon's orbit around the earth 
(OB) in relation to the axis of the earth's orbit around the sun 

(OA). For the astronomer the precession has the desirable effect of 

orhit around the earth precesses, or wohbles, on an 18.6·year cycle, 
as shown below. The intersecting angle is exaggerated for clarity. 
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4.65 YEARS 

9.3 YEARS 

13.95 YEARS 

186 YEARS 

making the moon occult, or eclipse, many more celestial objects 
than it otherwise would. It also means, however, that some objects 
are occulted only once in 18.6 years, which puts a premium on hav· 
ing one's equipment working when the opportunity presents itself. 
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TYPICAL LUNAR ORBITS are shown with the ecliptic repre­
sented as a horizontal line. Because of the effects of precession the 

POSITION OF RADIO SOURCE is found by determining the posi­
tion of the moon at the moment when the source disappears (circle 
A) and its position when the source reappears (circle B). The posi­
tion of the radio source could be at either X or Y, the two points 
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points at which the moon's orbit crosses the ecliptic move westward 

across the sky at the rate of about 1.5 degrees every lunar month. 

where the two circles intersect. Position measurements made by 
other techniques, or a second occultation measurement performed 
when the moon is in a different location, will usually rule out one 

of the two points and indicate the true location of the radio source. 
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eter of the moon at any time are known 
precisely from optical astronomy. It is a 
fairly simple matter to calculate from 
tables the time at which an object will 
first be eclipsed and then uncovered as 
the moon passes in front of it. For a 
number of years the Nautical Almanac 
Office in England has been computing 
details of these expected occultations 
for a large number of the stronger radio 
sources and sending the information 
to radio observatories throughout the 
world. Because the positions of most of 
the radio sources are not known pre­
cisely these predictions are necessarily 
approximate, but they are sufficiently 
accurate to allow the occultations to be 
observed. 

Reduced to its simplest terms the 
measurement of a radio-source posi­

tion by an occultation consists of point­
ing a radio telescope at the source and 
noting the time at which the radiation 
is cut off as the source disappears be­
hind the moon and also noting the time 
at which the radio signal reappears. By 
reference to tables one can determine 
the apparent diameter and position in 
the sky of the moon at the times of dis­
appearance and reappearance. If one 
then draws two circles to represent the 
limb, or edge, of the moon at these 
times, the circles will intersect at two 
points; one of these will be the position 
of the radio source [see bottom illustra­
tion on opposite page J. Earlier radio 
measurements usually make it obvious 
which position is the correct one. 

If the two times are measured with 
a maximum error of one second, which 
should be easy for the stronger radio 
sources, the two positions of the moon 
will be established to within .5 second 
of arc. This should yield the position 
of the source to within one second of 
arc, provided that the two circles in the 
diagram do not intersect at a very acute 
angle. It is interesting to note that the 
measurements of the position of the 
moon that are used to compile the tables 
also involve occultations, but in that 
case the occultations are those of bright 
stars and it is the positions of the stars 
that are known and the position of the 
moon that is being determined. 

The radio astronomer who wishes to 
use the occultation method to determine 
the position of radio sources must be 
aware of certain problems. Because the 
moon is a close object its apparent posi­
tion among the stars depends to a criti­
cal degree on the observer's position on 
the surface of the earth [see illustration 
on this page J. An error of one mile in the 
adopted values of the observer's co-

________ STARLlGHT ________________ _ 

---------------------------NORTH ---

B 

EARTH 

____________________________________________ SOUTH __ _ 

________ STARLlGHT ________________________________ ___ 

EFFECT OF PARALLAX limits the region of the earth where the occultation of a particular 

celestial object by the moon can be observed. Thus a star or radio source that will be oc· 
culted for an observer located at A will not be occulted for an observer at B, who sees the 
moon in the direction S, nor for an observer at C, who sees the moon in the direction N. 

ordinates with respect to the center of 
the earth (the observing point for which 
lunar tables are compiled) can produce 
an error of up to one second of arc in 
the coordinates computed for the posi­
tion of the moon. 

The measurement of astronomical 
time also presents a problem: it can be 
measured in two different ways and the 
two will not quite agree. The more 
familiar method measures the time re­
quired for the earth to rotate around its 
axis. This is expressed as Universal 
Time, or Greenwich Mean Time; it is 
the basis for the standard civil time used 
throughout the world. The other meth­
od, which yields Ephemeris Time, is de­
rived from the time required for the 
moon and the planets to move around 
their orbits. At present Ephemeris Time 
is gaining on Universal Time by about a 
third of a second per year. The positions 
of the moon and the planets made avail­
able by the Nautical Almanac Office 
give the coordinates as a function of 
Ephemeris Time, not Universal Time. 
Astronomical observations, however, are 
made in Universal Time. If the differ­
ence between the two time scales were 
constant or uniformly varying, this 
would be no more than a nuisance. Un­
fortunately there appear to be short­
term random variations of a few tenths 
of a second superposed on a uniform 
change. These random and largely in­
determinate errors can be as important 
as the timing errors in the observations. 
The measurement of the difference be­
tween Ephemeris Time and Universal 
Time depends largely on measurements 
of the occultation of stars; because of 
the time needed to reduce the data and 
to sort out trends the mean differences 
are not known precisely until at least a 
year later. 

Corrections also have to be applied 

for the effect of lunar mountains, which 
rise as much as 17,000 feet above the 
surface of the moon. A 17,000-foot 
mountain is seen from the earth as a 
projection of three seconds of arc from 
the mean limb of the moon. If no cor­
rection is applied, such a mountain 
could introduce an error of six seconds 
in the time of an occultation. To enable 
astronomers to make the necessary cor­
rections extensive tables have now been 
prepared at the U.s. Naval Observatory 
showing the outline of the limb of the 
moon for each of the aspects in which 
it can be seen from the earth. 

We are now ready to examine more 
closely what the radio astronomer 

observes when the moon eclipses a radio 
source. Except for its slight curvature 
and the irregularities due to its surface 
features, the moon can be regarded as 
a straightedge that comes between the 
observer and the source of radiation. 
The 17th-century Italian painter Fran­
cesco Grimaldi was the first to notice 
that a straightedge illuminated by a 
beam of light does not cast a perfect­
ly sharp shadow. Close examination 
showed that there was some illumina­
tion inside the region that ought to be 
totally dark and that there was a series 
of small fluctuations in the intensity on 
the bright side of the shadow. This 
phenomenon, known as diffraction, was 
not very striking. Isaac Newton, who 
favored the theory that light consisted 
of particles rather than waves, believed 
it was caused by slight repulsions that 
perturbed the stream of particles as they 
passed the straightedge. In 1815, how­
ever, the French physicist Augustin 
Fresnel was able to demonstrate that 
the wave theory could account for both 
the fact that light is propagated in 
straight lines and the fact that it is dif-
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FRESNEL DIFFRACTION 
PATTERN 

LI GHT BEAM 

DIFFRACTING E 

DIFFRACTION PATTERN is produced when a parallel beam of light grazes a sharp edge 
and falls on a screen. 0 shows where the edge should appear on the screen if there were no 
diffraction. P is the center of the nearest and brightest diffraction fringe. If the distance XO 
is one meter, the distance OP is about .6 millimeter. The level of illumination at P is 37 
percent bigher than the level of illumination in the unaffected part of the beam (Q). 

LIGHT BEAM 
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P 
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0 
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o 

PHOTOGRAPH OF DIFFRACTION PATTERN (right) shows how the intensity of fringes 
grows weaker with the distance from O. The intensity at 0 is about 18 percent of that at P. 
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fracted by a straightedge. Since then 
this type of diffraction has been known 
as Fresnel diffraction. 

Only a few characteristics of a dif­
fraction pattern need concern us here. 
The top illustration at the left shows a 
beam of light falling on a screen after 
passing a straightedge. At 0, the edge 
of the shadow if diffraction did not 
occur, the illumination is 25 percent of 
the value at Q, a point well away from 
the disturbances associated with the 
shadow region. The intensity of illumi­
nation in the fringes, or fluctuations, can 
be greater than the intensity would be if 
the diffraction edge did not exist. The 
maximum illumination, reached at P, 
is 37 percent greater than the level of 
illumination at Q. 

The scale of the pattern depends on 
the wavelength of the radiation and on 
the distance from the diffracting edge 
to the observing screen. If the radiation 
i·s near the middle of the visible spec­
trum, and if the distance from the 
straightedge to the screen is one meter, 
the distance from the expected position 
of the straightedge on the screen (point 
0) to the center of the first fringe (P) is 
about .6 millimeter. 

The distance OP increases as the 
square root of the product of the wave­
length of the radiation and the distance 
between the straightedge and the 
screen. If we move the straightedge to 
the distance of the moon and observe 
the optical diffraction pattern of a star, 
the distance OP is now about 12 meters. 
If we replace the star with a radio 
source whose radiation has a wave­
length of 75 centimeters, the distance 
OP is increased to 14 kilometers. 

If we now replace the straightedge 
by the moon, a radio source being 
eclipsed will still cast the same diffrac­
tion pattern on the ground. But because 
the moon is moving steadily the diffrac­
tion pattern cast by the source will move 
across the ground and past a stationary 
observer. If the observer keeps his radio 
telescope pointed at the source as it is 
eclipsed, he can expect to measure the 
varying peaks and valleys in the diffrac­
tion pattern as it sweeps past him. 
Similarly, when the sou�'ce returns to 
view he will observe the pattern in the 
reverse direction. 

The time required for 14 kilometers 
of the radio diffraction pattern (distance 
OP) to move past the observer is about 
16 seconds. There should therefore be 
little difficulty in observing the pattern 
from strong radio sources with large 
radio telescopes and in obtaining a rec­
ord with a good signal-to-noise ratio. 
For purposes of comparison the equiva-
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lent time interval for the occultation of 
a visible star would be about a hun­
dredth of a second. 

If the radio source is made up of two 
components, each of small diameter, 
each will cast its own diffraction pattern 
and the observed pattern will be the 
sum of the two individual patterns [see 
top illustration at rightJ. The fringes of 
the diffraction pattern from different 
parts of an extended radio source will be 
added to each other; if the width of the 
source is comparable to the width of the 
first fringe, the diffraction pattern will 
be smoothed out and the fluctuations 
will largely disappear. 

H ow are the occultation records inter-
preted to secure the distribution of 

intensity across a radio source? The 
trace that is obtained from the occulta­
tion of a point source of radio waves 
can be interpreted by comparing it with 
a theoretical curve. The method can be 
extended to include the interpretation 
of double sources by the fitting of 
"model" curves appropriate to such 
sources, but the process is very tedious. 
If the distribution of intensity is more 
complex, the fitting of model curves is 
almost impossible. 

Peter A. C. Scheuer, who was former­
ly at the Radiophysics Laboratory of 
the CSIRO and is now at the University 
of Cambridge, has considered in some 
detail the problem of obtaining the dis­
tribution of intensity in a radio source 
from occultation curves. He has shown 
that it is possible to calculate mathe­
matical functions that can be used to 
convolve, or smooth, the recorded trace 
and reconstruct the distribution of in­
tensity across the source. Technically 
it is impossible to discover the origi­
nal distribution because the theoretical 
smoothing function is infinitely long, but 
one can use a shorter smoothing func­
tion to reconstruct a version of the 
original distribution from which only 
the finest detail has been lost by smooth­
ing [see bottom illustration at right J. 

Even though it is theoretically pos­
sible to bring out finer and finer detail 
in the original intensity distribution by 
smoothing with longer and longer func­
tions, the procedure is usually limited 
by various instrumental effects that are 
present in any actual occultation mea­
surement. Two effects are the most im­
portant, and one or the other usually 
sets the limit. 

The first limit is introduced by the 
fact that radio receivers cannot be tuned 
to a single wavelength but must accept 
a finite band of wavelengths. As we 
have seen, the distance between fringes 
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O CCULTATION PATTERNS OF RADIO SOURCES vary according to the intensity distri­
bution of the source. The theoretical patterns shown here are for a single point source Cal, 
two point sources with different separations (b, c), extended sources of two different widths 
(d, e). A Scheuer "smoothing function" produces the intensity distributions at the right. 
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DIFFERENT SCHEUER FUNCTIONS yield varying amounts of detail from the same oc­
cultation pattern. The diffraction pattern in each case is that produced by a point radio 
source. Although it is impossible to turn the diffraction pattern back into the original point 
distribution, it can be approximated by extending the length of the smoothing function. 
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LIMB OF 

OCCULTATION OF RADIO SOURCE 3C 273 produced these pat­
terns, recorded by the 210·foot radio telescope at Parkes in Austra­
lia. The pattern at right was obtained as the source disappeared be­
bind the moon on Angust 5, 1962_ The pattern at left shows its 

1 MINUTE 

ADDITIONAL PATTERNS OF 3C 273 were obtained simulta­
neously at two different frequencies as the radio source disap­
peared behind the moon on October 26, 1962. It could not be ob­
served on reappearance because the moon was too low in the sky. 
The pattern at right was made at 1,410 megacycles; the one at the 
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1 MIN 

reappearance an hour later. Both records were made at a frequency 
of 410 megacycles. The difference between the two records sug­

gested that the source had two components that disappeared at 
slightly different times but then reappeared almost simultaneously_ 

MINUTE 
... ... ............... _._ . _--------'------- . ... ....•...... - .... -� 

left, at 410 megacycles. These observations clearly revealed two 
components (A and B). The diffraction pattern produced by a 
point source is confined to a narrower angle and takes less time to 
pass at 1,410 megacycles than at 410 megacycles. Thus the separa­
tion of 3C 273 into two components is clearer at 1,410 megacycles_ 

© 1966 SCIENTIFIC AMERICAN, INC



in a diffraction pattern is related to the 
wavelength of the diffracted radiation; 
thus for each wavelength accepted by 
the receiver there is a slightly different 
pattern. Even when the object being 
occulted is a point source, the different 
patterns interfere with one another and 
the rapidly varying components of the 
resulting .pattern are lost in much the 
same way that they are lost in the occul­
tation of an extended source. The effect 
of the receiver's bandwidth, therefore, 
is to give the source a pseudo-diameter. 
It is impossible to obtain detail finer 
than this diameter. 

The other limit is set by the signal-to­
noise ratio of the original observation. 
Each attempt to reconstruct finer detail 
from the occultation record yields a 
poorer signal-to-noise ratio in the re­
construction. A point is eventually 
reached beyond which there is nothing 
to be gained by continuing the process. 
This second limit is the dominant one 
in most occultation measurements. 

A minor limitation of the occultation 
method is that if different parts of a 
complex source are eclipsed at the same 
instant, no amount of reconstruction of 
the record will allow these parts to be 
distinguished. Fortunately, however, the 
direction in which the limb of the moon 
crosses the source when the source re­
appears, or when the source is occulted 
on another occasion, is unlikely to be 
the same. It will then be possible to 
separate the principal features of the 
source. A very complex source will still 
require a large number of occultation 
measurements for the interpretation of 
its intensity distribution. 

The first successful attempts to ob-
serve the occultation of a radio 

source seem to have been made in 1954 
and 1955. During that period a series of 
occultations occurred of sources associ­
ated with two supernova remnants: the 
Crab Nebula and IC 443 (object No. 
443 in the Index Catalogue of nebulae). 
The Crab Nebula, the remnant of the 
supernova seen on the earth in A.D. 
1054, has a diameter of five minutes of 
arc. Because of its breadth it produces 
no diffraction fringes, and a fair picture 
of the brightness distribution across the 
source can be obtained by a simple 
analysis of the occultation curve. The 
interpretation of the occultation curve 
of IC 443, the remnant of an earlier 
supernova, is much more difficult be­
cause the source has an angular diam­
eter of 50 minutes of arc, nearly twice 
the diameter of the moon. 

In 1960 Cyril Hazard, now at Cornell 
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COMPONENTS OF RADIO SOURCE 3C 273 are deduced to have this position and con­

figuration on the basis of the moon occultations of August and October, 1962, observed by 
Cyril Hazard, M. B. Mackey and A. J. Shimmins with the 210-foot radio telescope at Parkes. 

The sides of the triangles represent the positions of the limb of the moon at the time of the 
occultations. The occultation measurements led to the identification of 3C 273 as the iirst of 

a new class of extremely compact galaxies of great brilliance, the quasi-stellar radio sources. 

University, used the 250-foot steer able 
radio telescope at Jodrell Bank to study 
occultations of the radio source 3C 212. 
He was able to measure the position of 
the source to within three seconds of arc 
and also to estimate its angular extent. 

In 1962 Hazard, then at the Univer­
sity of Sydney, and M. B. Mackey and 
A. J. Shimmins of the CSIRO Radio­
physics Laboratory, observed the occul­
tations of the radio source 3C 273 that 
led to its identification with a visible 
object. They were able to observe both 
the disappearance and the reappearance 
on August 5 but only the disappearance 
on October 26 [see illustrations on op­
posite page J. At the time of reappear­
ance on the latter date the moon was at 
a point too low in the sky to be reached 
by the telescope. It was clear from these 
observations, particularly those of Octo­
ber 26, that the source had two compo­
nents. Further study revealed that the 
components, designated A and B, were' 
separated by 19.5 seconds of arc [see 
illustration above J. This in terpreta tion 
was supported by records obtained at 
three different frequencies: 1,410, 4 10 

and 136 megacycles. These frequencies 
correspond respectively to wavelengths 
of 21, 73 and 220 centimeters. 

Diffraction fringes were prominent in 
the occultation of component B at 1,410 
megacycles but not in the occultation 
of component A, whereas fringes could 
be observed for both components at 4 10 
megacycles. B, therefore, must be nar­
rower than two seconds of arc, the scale 
of diffraction fringes at 1,410 mega­
cycles. A is probably more extended 
than this but narrower than six seconds 
of arc, the scale of the pattern at 4 10 
megacycles. Further comparison of the 
observations at the two frequencies 
showed that at 1,410 megacycles B is 
the stronger component, whereas at 4 10 
megacycles A is the stronger. The ratio 
of intensities (BI A) decreases from 1.4 
at 1,4 10 megacycles to .45 at 410 mega­
cycles; it is therefore clear that the two 
components have very different spectra 
of radio frequencies. This is confirmed 
by the observations at 136 megacycles, 
where the BIA ratio falls to about . 1. 

Scheuer has reconstructed the distri­
bution of intensity from some of these 
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records with the method described ear­
lier. He finds that when the outline pro­
duced by the smoothing function is ap­
proximately one second of arc wide, B 
is unresolved but the trace from A is 
broader than the theoretical outline [see 
illustration below J. The estimated true 
width of component A is 1.5 seconds of 
arc. If the smoothing function is modi­
fied to provide a narrower outline at 
1,410 megacycles, it can be shown that 
the width of component B is about .5 
second of arc. 

k soon as the position of the source 
3C 273 was available, it was sent to 

the astronomers at Palomar Mountain, 
who then undertook to use the 200-inch 
telescope to try to identify the source 
with a visible object. They found that 

o 

A 
... 

o 

component B appeared to coincide with 
a 13th-magnitude star and component A 
with the end of a jet that seems to issue 
from the star [see illustration on oppo­
site page J. Measurements of the optical 
spectrum of the source by Maarten 
Schmidt showed that its emission lines 
are sharply shifted to the red end of 
the spectrum, indicating that 3C 273 
is moving away at a velocity of 4 1,000 
kilometers per second, or 14 percent 
of the speed of light. Because this speed 
is far greater than the velocities asso­
ciated with stars moving within our 
galaxy, it seemed necessary to conclude 
that 3C 273 is outside the galaxy and 
taking part in the general expansion of 
the universe. If this were true, the ob­
ject would be at a distance of 1.2 billion 
light-years and would be optically 100 
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SMOOTHED OCCULTATION RECORDS OF 3C 273 were obtained with Scheuer smooth· 

ing functions. The intensity distribution at top was ohtained by smoothing the disappear. 
ance of August 5, 1962, recorded at 410 megacycles. The bottom curve was derived from the 
disappearance of October 26, 1962, recorded at 1,410 megacycles. The profile that would be 

expected from a radio source of very small angular extent is shown in gray behind the 
peaks for 3C 273's B component. In both curves the B component fits within the theoretical 
profile of a very narrow source, whereas A is slightly wider. Further analysis showed that 
at 1,410 megacycles the angular size of A is .9 second of arc and of B .5 second of arc. 
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times brighter than the large galaxies 
usually associated with radio sources. 
Thus 3C 27� was recognized as the first 
quasi-stellar radio source. Shortly there­
after another "star," 3C 48, was also 
identified as a quasar. Since then many 
more of these objects have been found; 
it is now believed they represent about 
30 percent of all the extragalactic radio 
sources. 

Quasars have been the subject of in­
tensive study since 3C 273 was first 
identified. Because they are optically so 
bright quasi-stellar sources can be rec­
ognized at much greater distances than 
ordinary galaxies; they represent the 
most distant objects yet discovered. The 
farthest-known has a speed of recession 
of 82 percent of the speed of light, cor­
responding to a distance of about 10 
billion light-years. Such distant objects 
are seen as they were billions of years 
ago, long before the solar system was 
formed. The study of them should tell 
much about the history of the universe 
and help to solve many outstanding 
problems in cosmology. 

Occultation observations are now 
being made on a routine basis by a 
number of observatories. They should 
provide much useful data on the posi­
tion and structure of radio sources, al­
though it would be unreasonable to 
expect another discovery as significant 
as that of the quasi-stellar sources. The 
measurements should particularly pro­
vide important information on the rela­
tive positions of the components of a 
radio source and their associated visible 
features. Without occultation measure­
ments it would have been difficult to de­
termine that 3C 273 is a double source 
and to discover that one component is 
centered on the starlike object and the 
other on the jet. 

Most of the occultations studied so far 
have been occultations of objects out­
side our galaxy, but there is increas­
ing interest in occultations of radio 
sources within the galaxy. During the 
next few years the moon will pass close 
to the direction of the center of the gal­
axy; observers in the Northern Hemi­
sphere can expect to see occultations of 
the center itself. The region around the 
galactic center has been closely studied 
by means of both the broad-band radio 
emission that extends over a wide range 
of frequencies and the discrete 21-centi­
meter wavelength line radiation emitted 
by hydrogen atoms. The recent dis­
covery of 18-centimeter radiation from 
hydroxyl radicals (OH) in space has giv­
en further impetus to these studies [see 
"Hydroxyl Radicals in Space," by Brian 
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QUASI-STELLAR O BJECT 3C 273 appears in the center of this 

photograph made by Allan R Sandage with the 200-inch Palomar 
telescope_ Component B of �e radio source coincides with the posi-

tion of the quasi-stellar object itself_ A faint elongated feature that 
looks like a narrow jet projects from the lower-right quadrant of 

the object_ The A component of 3C 273 lies at the end of the jet. 

J- Robinson; SCIENTIFIC AMERICAN, 
July, 1965] _ The hydrogen and hydroxyl 
pictures of the galactic center differ in 
many respects, and one hopes that oc­

cultations will provide the increased 
positional accuracy that is necessary to 
resolve some of the problems_ It is rec­
ognized, however, that because the 
sources may be of large angular extent, 
interpretation of the observations could 
be difficult. 

The technique of observing occulta-
tions is not restricted to ground­

based radio and optical astronomy_ In 
July, 1964, occultation data were re­
corded from a rocket fired at White 
Sands in New Mexico_ Earlier rocket 
flights had disclosed that there are sev­
eral discrete sources of X rays in the sky 
and that the direction of one of them 
coincides with the direction of the Crab 
Nebula [see "X-ray Astronomy," by 
Herbert Friedman; SCIENTIFIC AMERI-

CAN, June, 1964] _ The rocket instru­
ments were unable to show whether the 
X rays come from the entire nebula or 
from a point source located within it_ 
An occultation of the Crab Nebula by 
the moon presented an opportunity to 
resolve the question_ A rocket carrying 
X-ray detectors was fired to a height of 
60 miles during the period in which the 
eclipse would occur. 

The moon spends 12 minutes in oc­
culting the entire Crab Nebula, but be­
cause rocket observations can be made 
only as the rocket soars above the at­
mosphere the observing period was lim­
ited to five minutes_ The time of the ob­
servation was chosen to coincide with 
the period during which the center 
of the nebula would be occulted; this 
seemed to be the most likely location for 
a source of small diameter. It was found 
that the X rays were eclipsed in a period 
of two minutes_ This was too long a time 
for the occultation of a point source but 

of course not as long a time as would be 
needed for' the occultation of the entire 
nebula_ It therefore seems that the 
source of X rays in the Crab Nebula is 
probably a gas cloud about one minute 
of arc in diameter, about a fifth of the 
total diameter of the nebula_  

With the further development of 
large instrumented space vehicles the 
moon can be used to occult a radio 
source or any other celestial object no 
matter where the object may be located 
in the sky. Before such techniques can 
be fully exploited, however, one will 
need more precise information about 
the exact apparent shape of the moon 
when it is viewed from directions quite 
different from those to which we are 
accustomed on the earth. One can even 
imagine trajectories selected so that the 
space vehicle can spend many minutes 
or even hours cruising through the dif­
fraction pattern, collecting the energy 
emitted by faint sources. 

4 1  
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Molecular Model-building by Computer 

In which biochemists obser()e models of giant molecules 

as they are displayed on a screen by a computer and try 

to fold them into the shapes that they assume in nature 

M
any problems of modern biology 
are concerned with the detailed 
relation between biological 

function and molecular structure. Some 
of the questions currently being asked 
will be completely answered only when 
one has an understanding of the struc­
ture of all the molecular components of 
a biological system and a knowledge of 
how they interact. There are, of course, 

by Cyrus Levinthal 

a large number of problems in biology 
into which biologists have some insight 
but concerning which they cannot yet 
ask suitable questions in terms of molec­
ular structure. As they see such prob­
lems more clearly, however, they in­
variably £nd an increasing need for 
structural information. In our laboratory 
at the Massachusetts Institute of Tech­
nology we have recently started using a 

MOLECULAR MODEL of a segment of cytochrome c, a protein that plays an important 

role in cell respiration, is shown as it is displayed on an oscilloscope screen. The protein 

has 104 amino acid subunits; this segment consists of units 5 through 18 (designated here 

by their abbreviated names). The heme group, which acts as a carrier of electrons, is known 

to be attached to amino acids 14 and 17. In the bypothetical structure shown here this 

stretch of the molecnle is assnmed to be in the characteristic "alpha helix" configuration. 

42 

computer to help gain such information 
about the structure of large biological 
molecules. 

For the £rst half of this century the 
metabolic and structural relations among 
the small molecules of the living cell 
were the principal concern of bio­
chemists. The chemical reactions these 
molecules undergo have been studied 
intensively. Such reactions are speci£cal­
ly catalyzed by the large protein mole­
cules called enzymes, many of which 
have now been puri£ed and also 
studied. It is only within the past few 
years, however, that X-ray-diffraction 
techniques have made it possible to 
determine the molecular structure of 
such protein molecules. These giant 
molecules, which contain from a thou­
sand to tens of thousands of atoms, 
constitute more than half of the dry 
weight of cells. Protein molecules not 
only act as enzymes but also provide 
many of the cell's structural compo­
nents. Another class of giant molecules, 
the nucleic acids, determine what kind 
of protein the cell can produce, but most 
of the physiological behavior of a cell is 
determined by the properties of its pro­
teins. 

The X-ray-diffraction methods for in­
vestigating the three-dimensional struc­
ture of protein molecules are difficult 
and time-consuming. So far the struc­
tures of only three proteins have been 
worked out: myoglobin, hemoglobin and 
lysozyme [see "The Three-dimensional 
Structure of a Protein Molecule," by 
John C. Kendrew, SCIENTIFIC AMERI­
CAN, December, 1961, and "The Hemo­
globin Molecule," by M. F. Perutz, No­
vember, 1964]. In their studies of the 
hemoglobin molecule M. F. Perutz and 
his associates at the Laboratory of 
iVlolecular Biology in Cambridge, En­
gland, have observed that the structure 
of the molecule changes slightly when 
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CYTOCHROME HELIX is rotated on the screen (lelt to right, top 

to bottom), a procedure that makes it possible for the investi· 

gator to perceive the three·dimensional arrangement of the 

atoms. A set of three·dimensional vectors connecting the atoms of 

the molecule is stored in the computer's high.speed memory. The 

computer calculates the projection of those vectors on a plane and 

draws the projected vectors on the screen. The operator controls 

the rotation of the plane, thus apparently turning the model. 
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GLYCINE LEUCINE LEUCINE 

HISTIDINE LYSINE THREONINE 

PROTEIN BACKBONE is a chain of peptide groups (six atoms: 

carbon, carhon, oxygen, nitrogen, hydrogen, carbon). Each amino 

acid in a chain contributes a group to the backbone and also has a 

ALPHA HELIX results from the arrangement of planar peptide 

groups (CCONHC) pivoted about the carbons to which side groups 

MYOGLOBIN MOLECULE is a folded, partly helical chain, as 

shown in drawing (left) of its form as determined through X.ray 

analysis by John C. Kendrew of the Laboratory of Molecular 
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SERINE PHENYLALANINE 

ISOLEUCINE LEUCINE LYSINE 

distinguishing side group (color tint). The amino acid sequence of 

a number of proteins is known. What is shown here is a short 

segment of the protein myoglobin, which stores oxygen in muscle. 

(color) are attached. Shade of atoms indicates nearness to viewer. 

The entire helix is held rigid by hydrogen bonds (broken lines). 

Biology in Cambridge, England. The chain enfolds an oxygen. 
carrying heme group (colored disk). Every 10th amino acid is num· 

bered. The computer model of myoglobin is shown at right. 
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oxygen is attached to it or removed 
from it. The hemoglobin molecule is 
the only one for which this kind of 
study has as yet been carried out. It 
is known, however, that many proteins 
change their shape as they perform their 
functions and that their shape is further 
modified by the action of the small 
molecules that activate or inhibit them. 
The large number of enzyme systems in­
volved in regulating the complex meta­
bolic pathways of the living cell have 
been studied so far only at the level of 
the overall shape of the enzyme mole­
cule; practically nothing is known of the 
specific structural changes that may be 
important for enzyme function and con­
trol. 

.Allother problem currently being in-
vestigated by many workers con­

cerns the way in which proteins achieve 
their final three-dimensional configura­
tion when they are synthesized. During 
the past few years many of the process­
es involved in protein synthesis have 
become rather well understood. As a 
result one knows, at least in general 
terms, how the cell determines the 
sequence of amino acids from which 
protein molecules are assembled and 
how this sequence establishes the way in 
'which the atoms of a protein are con­
nected [see top illustration on opposite 
page J. It is not, however, the chemical 
sequence, or connectedness, that estab­
lishes the functional properties of a 
protein. These properties are a conse­
quence of the exact three-dimensional 
arrangement of the molecule's atoms in 
space. 

As a result of work in the past 15 
years, there is now a considerable body 
of evidence showing that the three­
dimensional configuration of a protein 
molecule is determined uniquely by its 
amino acid sequence. The number of 
possible sequences is immense because 
the cell has at its disposal 20 kinds of 
amino acid building block. The con­
figuration assumed by any particular 
sequence reflects the fact that the mole­
cule arranges itself so as to minimize its 
total free energy. In other words, each 
protein has the shape it has because 
outSIde energy would be needed to give 
it any other shape. The experimental 
evidence for this conclusion comes from 
results obtained with many different 
proteins. 

The first really critical experiments 
in this regard were carried out by 
Christian B. Anfinsen and his collab­
orators at the National Institutes of 
Health with the enzyme ribonuclease, 
a protein consisting of 153 amino acids 

COMPUTER MODEL of myoglobin, which was based on coordinates supplied by Kendrew, 

is rotated on the screen in this sequence (top to bottom, left to right). This display omits the 

heme group. The pictures are selected frames from a 16-millimeter motion·picture film. 

45 

© 1966 SCIENTIFIC AMERICAN, INC



ROTATION ANGLES determine the relation of two successive peptide groups in a chain. 

Two such groups are shown here. The six atoms (CCONHC) of each group lie in a plane. 

Two adjacent planes have one atom-the carbon to which a hydrogen and a side group (R) 
are bonded-in common. Two rotation angles (arrows) give the relation of the two planes. 

RECTANGULAR COORDINATE SYSTEMS establish the location of atoms in the model. 

One (left), at the amino end of the peptide chain, is the frame of reference for the entire 

chain. Others (right) are local systems defining positions of atoms in side groups. The 

computer calculates the transformation that refers local systems back to the original system. 
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in a single chain. In our laboratory we 
have studied the enzyme alkaline phos­
phatase, which consists of about 800 
amino acids arranged in two chains. 
Both proteins can be treated so that they 
lose their well-defined three-dimensional 
configuration without breaking any of 
the chemical bonds that establish the 
connectedness of the molecule. In this 
"denatured" state the proteins are no 
longer enzymatically active. But if the 
denaturing agent is removed and the 
proteins are put in a solution containing 
certain salts and the correct acidity, the 
activity can be reestablished. 

The alkaline phosphatase molecule 
has two identical subunits that 'are in­
active by themselves. They can be 
separated from each other by increasing 
the acidity of the solution, and they re­
assemble to form the active "doublet" 
when the solution is made neutral once 
again, In addition the subunits them­
selves can be denatured, with the result 
that they become random, or structure­
less, coils. Under the proper conditions 
it takes only a few minutes to reestablish 
the enzymatic activity from this dis­
rupted state, along with what appears to 
be the original three-dimensional con­
figuration of the doublet molecule. An 
enzymatically active hybrid molecule 
can even be formed out of subunits 
from two different organisms. The in­
dividual subunits from the two or­
ganisms have different amino acid se­
quences, but they fold into a shape such 
that the subunits are still able to recog­
nize each other and form an active 
molecule. These renaturation processes 
can take place in a solution containing 
no protein other than the denatured 
one, and without the intervention of 
other cellular components. 

Apart from the renaturation experi­
ments, the mechanism of synthesis has 
suggested an additional factor that may 
be relevant in establishing the correct 
three-dimensional form of the protein. 
It is known that the synthetic process 
always begins at a particular end of the 
protein molecule-the end carrying an 
amino group (NH2)-and proceeds to 
the end carrying a carboxyl group 
(COOH). It is plausible to imagine that 
proteins fold as they are formed in such 
a way that the configuration of the 
amino end is sufficiently stable to pre­
vent its alteration while the rest of the 
molecule is being synthesized. Although 
this hypothetical mechanism seems to 
be contradicted by the renaturation ex­
periments just described, it may repre­
sent the way some proteins are folded. 
Because the mechanism would place 
certain constraints on the folding of a 
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protein molecule, it implies that the 
active protein is not in a state in which 
free energy is at a minimum but rather 
is in a metastable, or temporarily stable, 
state of somewhat higher energy. 

A 
molecular biologist's understanding 
of a molecular structure is usually 

reflected in his ability to construct a 
three-dimensional model of it. If the 
molecule is large, however, model-build­
ing can be frustrating for purely me­
chanical reasons; for example, the model 
collapses. In any event, the building of 
models is too time-consuming if one 
wishes to examine many different con­
figurations, which is the case when one 
is attempting to predict an unknown 
structure. When one is dealing with the 
largest molecules, even a model is not 
much help in the task of enumerating 
and evaluating all the small interactions 
that contribute to the molecule's stabil­
ity. For this task the help of a computer 
is indispensable. 

Any molecular model is based on the 
nature of the bonds that hold particular 
kinds of atoms together. From the view­
point of the model-builder the important 
fact is that these bonds are the same no 
matter where in a large molecule the 
atom is found. For instance, if a carbon 
atom has four other atoms bonded to it, 
they will be arranged as if they were 
located at the corners of a tetrahedron, 
so that any two bonds form an angle 
of approximately 109.5 degrees. The 
lengths of bonds are even more constant 
than their angles; bonds that are only 
one to two angstrom units long are fre­
quently known to be constant in length 
with an accuracy of a few percent. In 
general the details of atomic spacing are 
known from the X-ray analysis of small 
molecules; this knowledge simplifies the 
task of building models of large mole­
cules. 

An example of the value of such 
knowledge was the discovery by Linus 
Pauling and Robert B. Corey at the 
California Institute of Technology that 
the fundamental repeating bond in pro­
tein structures-the peptide bond that 
joins the CO of one amino acid to the 
NH of the next-forms an arrangement 
of six atoms that lie in a plane. This 
knowledge enabled them to predict that 
the amino acid units in a protein chain 
would tend to become arranged in a 
particular helical form: the alpha helix. 
It was subsequently found that such 
helixes provide a significant portion of 
the structure of many protein molecules. 
Thus in advance of any crystallographic 
information about the structure of a 
particular protein molecule, one knows 
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ROTATIONAL POSITION --7 

TOTAL ENERGY of a configuration varies with distance between atoms, which depends on 

all the rotation angles. It is easy to distinguish lowest·energy point L from local valleys, or 

metastable states, by visual inspection, but a computer must calculate each point in the 

curve, repeating the operation often enough not to miss a valley. It must calculate the 

energy at angles separated by no more than a small fraction of the interval indicated as a. 

CUBING PROCEDURE eliminates unnecessary compntation by identifying atoms that 

are sufficiently near each other to affect the molecule's energy. The computer searches the 

area around an atom residing in the center cube and reports if there are any atoms in 

the 26 adjacent cubes. This also helps to reveal a molecule's edges and holes inside it. 

a b c 

MANIPULATION of the computer·built model is accomplished by three different rou­

tines. The routine called "close" in effect puts a spring between any pair of points indicat· 

ed by the investigator (a). The routine "glide" causes a single helical region to be pnlled 

along its own axis (b). "Revolve" imposes a torque that rotates a region about its axis (e). 
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the spatial arrangement of atoms within 
the peptide bonds, as well as the de­
tailed geometry of its alpha-helical 
regions. 

The planar configuration of the pep­
tide bond allows an enormous reduction 
in the number of variables necessary 
for a complete description of a protein 
molecule. Instead of three-dimensional 
coordinates for each atom, all one needs 
in order to establish the path of the 
central chain of the molecule are the 
two rotation angles where two peptide 
bonds come together [see top illustra­
tion on page 46]. The complete de­
scription requires, in addition to this 
information, the specification of the 
rotation angles of the side chains in 
those amino acids whose side chains are 
not completely fixed. 

A further reduction in the number of 
variables would be possible if one could 
predict from the amino acid sequence 
which parts of the molecule are in the 
form of alpha helixes. The few proteins 
whose structures have been completely 
determined provide some indication of 
which amino acids are likely to be found 
in helical regions, but not enough is yet 
known to make such predictions with 
any assurance. 

Because protein chains are formed by 
linking molecules that belong to a single 

class (the amino acids), the linkage 
process can be expressed mathematical­
ly in a form that is particularly suited 
for a high-speed digital computer. We 
have written computer programs that 
calculate the coordinates of each atom 
of the protein, using as input variables 
only those angles in which rotational 
changes can occur; all other angles and 
bond lengths are entered as rigid con­
straints in the program. The method of 
calculation involves the use of a local 
coordinate system for the atoms in each 
amino acid unit and a fixed overall 
coordinate system into which all local 
coordinates are transformed. 

The transformation that relates the 
local coordinate systems to the fixed 
coordinate system is recalculated by 
the computer program each time a new 
atom is added to the linear peptide 
backbone. Each chemical bond is 
treated as a translation and a rotation of 
this transformation. The process re­
quires a substantial amount of calcula­
tion, but each time the backbone 
reaches the central atom of a new amino 
acid the relative positions of the side­
group atoms can be taken from the com­
puter memory where this information is 
stored for each of the 20 varieties of 
amino acid. It is then a simple matter to 
translate and rotate the side-group 

atoms from their local coordinate system 
into the fixed-coordinate system of the 
entire molecule. 

The new value of the transformation 
at each step along the backbone is de­
termined by the fixed rotation angles 
and translation distances that are built 
into the computer program and by the 
variable angles that must somehow be 
determined during the running of the 
program. The principal problem, there­
fore, is precisely how to provide correct 
values for the variable angles. A num­
ber of investigators are working on 
this problem in different ways. Before 
discussing any of these approaches I 
should emphasize the magnitude of the 
problem that remains even after one 
has gone as far as possible in using 
chemical constraints to reduce the num­
ber of variables from several thousand 
to a few hundred. Because each bond 
angle must be specified with an accu­
racy of a few degrees, the number 
of possible configurations that can re­
sult when each angle is varied by a 
small amount becomes astronomical 
even for a small protein. Moreover, these 
small rotations can produce a large 
effect on the total energy of the struc­
ture [see top illustration on preceding 
page]. 

One way to understand the difficulty 

CYTOCHROME C segment seen in the two opening illustrations is 

shown on this page and the opposite page in the various degrees of 
detail of which the system is capable. At first only the carbon atoms 

to which the side groups are attached are displayed, along with the 
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of finding a configuration of mmlmum 
energy is to imagine the problem facing 
a man lost in a mountainous wilderness 
in a dense fog. He may know that with­
in a few miles there is an inhabited river 
valley leading into a calm lake. He may 
also know that the lake is at the lowest 
point in the area, but let us assume that 
he can only determine his own elevation 
and the slope of the ground in his im­
mediate vicinity. He can walk down 
whatever hill he is standing on, but this 
would probably trap him at the bottom 
of a small valley far from the lake he 
seeks. In finding a configuration of 
minimum energy the comparable situ­
ation would be getting trapped in a 
metastable state far from a real energy 
minimum. Our lost man has only two 
dimensions to worry about, north-south 
and east-west; the corresponding prob­
lem in a molecule involves several 
hundred dimensions. 

O
ur approach to this problem has as-
sumed that even sophisticated tech­

niques for energy minimization will not, 
at least at present, be sufficient to de­
termine the structure of a protein from 
its amino acid sequence in a fully auto­
matic fashion. We therefore decided to 
develop programs that would make use 
of a man-computer combination to do a 

kind of model-building that neither a 
man nor a computer could accomplish 
alone. This approach implies that one 
must be able to obtain information from 
the computer and introduce changes in 
the way the program is running in a 
span of time that is appropriate to hu­
man operation. This in turn suggests 
that the output of the computer must 
be presented not in numbers but in 
visual form. 

I first became aware of the possibili­
ties of using visual output from a com­
puter in a conversation with Robert 
M. Fano, the director of Project MAC 
at the Massachusetts Institute of Tech­
nology. (MAC stands for multiple-access 
computer.) It soon became clear that 
the new types of visual display that had 
been developed would permit direct 
interaction of the investigator and a 
molecular model that was being con­
structed by the computer. All our sub­
sequent work on this problem has made 
use of the large computer of Project 
MAC, which operates on the basis of 
"time-sharing," or access by many users. 
The system, developed by Fernando J. 
Corbato, allows as many as 30 people to 
have programs running on the computer 
at the same time. For all practical pur­
poses it seems to each of them that he 
is alone on the system. A user can have 

any of his data in the high-speed mem­
ory printed out on his own typewriter, 
and he can make whatever changes he 
wants in this stored data. What is more 
important from our point of view is the 
ability to make changes in the com­
mands that control the sequential flow 
of the program itself. 

It is true, of course, that one of 30 
users has access to a computer that, 
when it is fully occupied, has only a 
thirtieth of the speed of the normal 
machine, but for many problems this is 
enough to keep the man side of the 
man-machine combination quite well 
occupied. The program that acts to 
supervise the time-sharing system is or­
ganized in such a way that no user can 
interfere with the system or with any 
other user, and the computer is not 
allowed to stand idle if the man takes 
time out to think. 

In working with molecular models we 
are interested in being able to obtain 
data quickly in order to evaluate the 
effect of changing the input variables 
of the program. For any particular 
molecular configuration the computer 
can readily supply the positions (in the 
three-dimensional coordinates x, If and 
z) of all the atoms. The important ques­
tion is: What can be done with 5,000 
to 10,000 numbers corresponding to the 

square outliue of the heme group connected to this segment (1,2). 

The other atoms of the backbone are added (3,4), then the oxygen 

and hydrogen atoms (5,6). The heme group is shown in more de­

tail (7-9), and side groups are named (10) and displayed (11,12). 
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"CLOSING" ROUTINE is applied to a hypothetical peptide chain assumed to consist of 

several helical sections. The individual sections do not bend, but the rotation angles be· 

tween sections are changed (top to bottom, left to right) to close the chain into a circle. 
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position of every atom in even a small 
protein? Obviously if we could formu­
late specific questions concerning ener­
gy, bond angles and lengths, overall 
shape, density and so on, the computer 
could calculate the answer and there 
would be no need for a man ever to 
look at the numerical values of the co­
ordinates. We realized that our be�t 
hope of gaining insight into unexpected 
structural relations-relations that had 
not been anticipated-lay in getting the 
computer to present a three-dimensional 
picture of the molecule. 

Although computer-controlled oscil­
loscopes have been available for about 
10 years, they have been used mainly 
to display numbers and letters. It is 
only recently that they have been used 
to produce the output of computer pro­
grams in graphical form. The oscillo­
scope tube can of course present only a 
two-dimensional image. It is no great 
trick, however, to have the computer 
rotate the coordinates of the molecule 
before plotting their projection. If this 
is done, the brain of the human viewer 
readily constructs a three-dimensional 
image from the sequential display of 
two-dimensional images. Such sequential 
projections seem to be just as useful to 
the brain as simultaneous stereoscopic 
projections viewed by two eyes. The 
effect of rotation obtained from the 
continuously changing projection none­
theless has an inherent ambiguity. An 
observer cannot determine the direc­
tion of rotation from observation of the 
changing picture alone. In the Project 
MAC display system, designed by John 
Ward and Robert Stotz, the rate of rota­
tion of the picture is controlled by the 
position of a globe on which the ob­
server rests his hand; with a little 
practice the coupling between hand and 
brain becomes so familiar that any 
ambiguity in the picture can easily be 
resolved. 

In evaluating the energy of a particular 
configuration of a protein molecule 

one must add up all the small inter­
actions of atomic groups that contribute 
to this energy. These must include 
interactions not only between the dif­
ferent parts of the protein molecule but 
also between the parts of the protein 
molecule and the surrounding water 
molecules. If we are interested in alter­
ing the configuration in the direction of 
lower energy, we must be able to cal­
culate the derivative of each of the 
energy terms-that is, the direction in 
which the energy curves slope-as 
changes are made in each of the rota­
tion angles. Accordingly we must calcu-
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late a very large number of interatomic 
distances and the derivative of these 
distances with respect to the allowed 
rotation angle. 

The derivatives can be calculated, 
however, without going through the 
extended transformation calculations 
needed to generate the coordinates 
themselves. The rotation around any 
chemical bond will cause one part of the 
molecule to revolve with respect to an­
other. If both members of a pair of 
atoms are on the same side of the bond 
being altered, the rotation will not give 
rise to a change in their distance. If the 
two atoms are on opposite sides of the 
rotating bond, one of the atoms will 
move in a circle around the axis of rota­
tion while the other remains stationary. 
By analyzing the geometry of this mo­
tion we can simplify the derivative cal­
culations to the point where they re­
quire very little computation. 

Even though each of these derivative 
calculations can be done in a few hun­
dred microseconds of computer time, 
there would still be an excessive amount 
of calculation if it were done for all 
possible pairs of atoms within the mole­
cule. Fortunately the interactions with 
which we are concerned are short-range 
ones, and most of the pairs of atoms 
are too far apart to contribute appre-

ciably to the overall energy. In order to 
select out all pairs of atoms that are 
close to each other, we have developed 
a procedure called cube-testing. All the 
space in the region of the molecule is 
divided into cubes of some predeter­
mined size, let us say five angstroms on 
an edge (two or three times the typical 
bond length) and each atom is assigned 
to a cube. To consider the interactions 
involving any given atom one need only 
determine the distance between this 
atom and all others in the same cube 
and in the 26 surrounding ones [see 
middle illustmtion on page 47]. Al­
though the procedure is still time-con­
suming, it is much faster than having to 
do calculations for all possible pairs of 
atoms in the molecule. 

In addition to enabling us to screen 
the data for close pairs, the cubing 
procedure provides information about 
which groups in the protein molecule 
can interact with the surrounding water 
molecules. In order to enumerate such 
interactions, we first define the "inside­
ness" and "outsideness" of the molecule, 
outsideness meaning that a particular 
atom or group of atoms is accessible to 
the surrounding water and insideness 
that it is not. If we examine the cubing 
pattern for a particular molecule, an 
atom on the outside would be in a cube 

that is surrounded on one side by filled 
cubes and on the other by empty ones. 
In a similar way we can detect holes in 
the midst of the structure by looking 
for empty cubes that are surrounded on 
all sides by filled ones. 

By suitable use of derivative calcula-
tion and cubing we can alter any 

configuration of the molecule in the di­
rection of lower energy. This procedure, 
however, would almost certainly lead to 
a structure that is trapped in one of the 
local minima-one of the higher valleys 
of our wilderness analogy-and may not 
even be close to the true minimum­
energy configuration we are looking for. 
For a real molecule Roating in solution, 
the local minima would not represent 
traps because the normal thermal vi­
bration of the molecule and its parts 
supplies enough energy to move the 
structure out of any valley that is not a 
true minimum. 

Although there are various ways in 
which one can use random elements in 
a computer calculation to simulate 
thermal vibration, it is our experience 
that an investigator who is looking at 
the molecule can frequently understand 
the reason for the local minimum and 
by making a small alteration in the 
structure can return the program to its 

DEOXYRIBONUCLEIC ACID (DNA) is modeled by a program 

devised by Robert Langridge and Andrew A. MacEwan of the 

Children's Cancer Research Foundation and Harvard Medical 

School. This DNA sequence (left to right, top to bottom) begins 

with a single nucleotide: a pentagonal sugar plus a phosphate 

group and a base. A second nucleotide is added, and then more to 

make a helical chain that joins with a second chain to form the 

characteristic double helix. Then the helix is rotated in space. 
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DISPLA Y UNIT designed by John Ward and Robert Stotz has access to the large time· 

shared central computer at the Massachusetts Institute of Technology. The investigator 

communicates with the computer by typing commands or punching preset buttons on a 

keyboard or by pointing with the light pen. He regulates the direction and the speed 

of rotation of the model by moving the gimbaled control on which his right hand rests. 

downhill path. Such alterations can be 
accomplished in the computer by chang. 
ing the program in such a way as to 
introduce pseudo.energy terms that 
have the effect of pulling on parts of 
the structure. A few simple subprograms 
that introduce the appropriate pseudo­
energies enable us to do the same kind 
of pulling and pushing in the computer 
that we can do with our hands while 
building actual models. 

Pulling a structure by means of these 
pseudo-energy terms is also useful for 
buEding a model that observes all the 
chemical constraints and at the same 
time has its atoms as close as possible 
to the positions indicated by X-ray 
diffraction studies. In this case the 
pseudo-energies can be regarded as 
springs pulling designated atoms to 
their experimentally determined posi­
tions. Such calculations have been 
carried out by Mart;n Zwick, a gradu­
ate student at M.LT., in order to make 
a model of myoglobin fit the configura­
tion determined from X-ray data by 
John C. Kendrew and Herman \iVatson 
at the Laboratory of Molecular Biology 
in Cambridge. For this type of prob­
lem a helpful procedure has been de­
veloped by William Davidon of Haver­
ford College. In his program one starts 
by "walking" in the direction of the 
steepest slope, but with each successive 
step one builds up information as to 
how the slope of the hillside changes. 

Once we had produced a computer 
model of myoglobin, we could ask ques­
tions concerning the relative importance 
of short-range forces acting between 
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various parts of the molecule. There are, 
for example, Van der Waals forces: elec­
trostatic attractions due to the electric 
dipoles that all atoms induce in one 
another when they are close together. 
There are also electrostatic interactions 
that arise from the permanent electric 
dipoles associated with the peptide 
bonds. The permanent dipole attractions 
turned out to be larger than we had ex­
pected. It is thus possible that the elec­
trostatic interaction between different re­
gions of a protein may play a substantial 
role in stabilizing its structure. This re­
sults in part from the fact that the elec­
tric dipoles in an alpha helix are added 
to one another along the direction of the 
axis. For this reason two helixes that 
wind in the same direction will repel 
each other and two that wind in oppo­
site directions will attract each other. In 
myoglobin the overall effect is a sub­
stantial attractive force. This calculation 
requires some form of model-building, 
because the electrically charged regions 
are associated with the C-O and N-H 
groups along the backbone, and the hy­
drogen atom is not detected in the X-ray 
analysis. 

Although the electrostatic interac­
tion energy is of the same order of mag­
nitude as that required to denature a 
prote:n, it is probably not the dominant 
energy for the folding of a protein mole­
cule. The primary source of energy for 
this purpose probably comes from the 
interaction of the amino acid side chains 
and the surrounding water; the electro­
static interactions may do no more than 
modify the basic structure. 

\iVe still have much to learn about the 
magnitude of the various energy terms 
involved in holding a protein molecule 
together. Meanwhile we have been try­
ing to develop our computer technique, 
using the knowledge we have. Is this 
knowledge enough to enable us to find 
the lowest energy state of a protein 
molecule and to predict its structure 
in advance of its determination by X-ray 
analysis? 

The answer to this question probably 
depends on how well we understand 

what really happens when a protein 
molecule in a cell folds itself up. Our 
work has been based on the hypothesis 
that the folding starts independently in 
several regions of the protein and that 
the first structural development is the 
formation of a number of segments of 
alpha helix. Our assumption is that 
these segments then interact with one 
another to form the final molecular 
structure. In this method of analyzing 
the problem the units that have to 
be handled independently are the heli­
cal regions rather than the individ­
ual amino acids. Thus the number of 
independent variables is greatly re­
duced. The success of the procedure 
depends, however, on the assumption 
that we can deduce from the amino acid 
sequence alone which regions are likely 
to be helical. It is not necessary, how­
ever, that we guess the helical regions 
correctly the first time; we can see what 
happens when helical regions are placed 
in many different parts of the molecule. 
Several other groups working on this 
problem are following the hypothesis 
that the folding proceeds only from the 
amino end of the protein. Until one of 
these approaches succeeds in predicting 
the structure of a protein and having the 
prediction confirmed by X-ray analysis, 
we can only consider the different 
hypotheses as more or less plausible 
working guides in studying the problem. 

It is still too early to evaluate the 
usefulness of the man-computer com­
bination in solving real problems of 
molecular biology. It does seem likely, 
however, that only with this combina­
tion can the investigator use his "chemi­
cal insight" in an effective way. We 
already know that we can use the com­
puter to build and display models of 
large molecules and that this procedure 
can be very useful in helping us to 
understand how such molecules func­
tion. But it may still be a few years 
before we have learned just how useful 
it is for the investigator to be able to 
interact with the computer while the 
molecular model is being constructed. 
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�@@J@1lli reports on: 

an uncomplicated information system .. . wave-particle dualism in yellow boxes 

... Prof. Westwater's footage 

Microfilm in short strips 

. , , and if you wish 
....... 

This is an information system that uses ordinary 
telephones, a pleasant human being, and some easy­
to-understand equipment. Nothing should be made 
any more complicated than necessary. Get in touch 
with Eastman Kodak Company, Business Systems 
Markets Division, 770 Broadway, New York City 
10003, and ask about the RECORDAK MICROSTRIP 
System. 

More informative electrons 

KODAK Electron Image Plates are hereby announced. What­
ever impact the announcement may have will be felt most in 
biology, where the electron microscope found its true home 
after physics created it. The wave-particle dualism that once 
troubled philosophers now arrives in yellow boxes for the 
stockroom shelves. 

As the molecular biologists and the cell biologists tunnel 
toward each other, up goes the demand for resolving power. 
Lower, then, must the effective wavelength go. Which young 
Einstein was kind enough to translate as higher kilovoltage. 
Which means that in the newer 75- and 100-KY electron 
microscopes, unless something were done about it, too many 
electrons would get through the emulsion too fast to touch off 
a silver halide crystal into developability, 

What had to be done about it we have done. While we were 
at it, in the interests no Jess of performance than of user con­
venience, we adapted the new KODAK Electron Image Plate to 
a developer that comes as a liquid instantly ready for use: 
KODAK HRP Developer. A mnemonic by which to remember 
HRP is "high resolution plate," but the bottle delivers more 
than mnemonic. 

Should any communication difficulties develop on this subject with 
your local photographic supplier, please alert Eastman Kodak Com­
pany, Special Applications, Rochester, N. Y. 14650. 

Bubbles 

Seventeen doctoral dissertations about bubbling and other 
changes of phase and 70 such papers have come out of the 
Division of Chemical Engineering at the University of Illinois 
in the last dozen years. Considered collectively, they suggest 
the presence there of a professor bitten by a movie bug. There 
is and he was. It happened in 1941 while working on his own 
doctorate at the University of Delaware. There he fiddled with 
a motion picture camera with neither art, amusement, nor 

public enlightenment as his purpose. Back then we tended to 
minimize in our minds any other uses for movie cameras. Not 
J. W. Westwater. He thought of them as measuring instru­
ments. In proving them such he found himself largely on 
his own. 

By 1953, moved to Illinois, Jim Westwater had his first foot­
age that he was willing to call significantly quantitative about 
the nature of the phenomenon known as boiling. In all the 
generations of teakettle-watchers that have come and gone, 
few thinkers had developed the inclination and the means to 
think realistically and constructively about how liquids boil 
and about how the understanding thereof could relate to a 
more abundant life for all through chemical engineering. At 
4,000 frames/sec the 
picture came clear. 

Now Westwater and 
his students have had 
13 more years to develop 
their photographic tech­
nique to such combina­
tions as 375X temporal 
magnification with 66X 
spatial magnification. They have applied the aerospace in­
dustry's data-digitizing gadgetry to their movie frames. They 
have extended their investigations to such other threads of the 
chemical engineer's fabric as condensing, melting, freezing, 
generation of bubbles through electrolysis or pressure release, 
emulsion growth, liquid-liquid extraction, etc. 

Having done little more for Professor Westwater heretofore 
than to let him buy our raw film, we ought at least to help make known 
that a 27-minute sound movie of excerpts from the work of his labo­
ratory. can be rented or purchased from the American Institute of 
Ch�mlc�! Eng�neer�, 345 East 47th Street, New York City 10017. It is 
entliled MotLOn Picture Photography as a Research Tool in Chemical 
Engineering." Anybody setting out to make instrumentation for 
chemical engineering had better listen first to Westwater. And West­
water speaks best on film. 

This Is another advertisement where Eastman Kodak Company probes at random for mutual 
interests and occasionally a little revenue from those whose work has something to do with science 
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The Sexual-Response Study 

T
he first volume of findings from 
a unique H-year study of the 
human sexual response, published 

in April, contains hitherto unavailable 
physiological data and reveals a num­
ber of gaps between the realities of 
sexual behavior and widely held beliefs 
about it. The study, directed by Wil­
liam H. Masters and Virginia E. John­
son of the Reproductive Biology Re­
search Foundation in St. Louis, was 
begun in 1954 at the Washington Uni­
versity School of Medicine, where Mas­
ters works in the department of gyne­
cology and obstetrics. The investigators 
both observed and recorded with instru­
ments the responses of 694 volunteers 
(382 female and 312 male) during more 
than 7,500 female and 2,500 male or­
gasms, induced by natural and artificial 
coitus and by automanipulation and 
mechanical manipulation. The female 
volunteers ranged in age from 18 to 78; 
the males from 21 to 89. Many were 
married couples. 

Masters and Mrs. Johnson assert that 
psychosocial elements are "certainly the 
primary influence" in sexual response. 
They confine the present volume to 
physiological findings that may be use­
ful to physicians counseling patients 
with sexual problems. They recorded the 
variations in their subjects' heartbeat, 
blood pressure and breathing rate from 
the onset of sexual excitement through 
orgasm to subsequent relaxation. Among 
their discoveries are that (1) a distinctive 
change in the color of the labia minora 
is a regular prelude to female orgasm; 
(2) vaginal lubrication, heretofore at-

SCIENCE AND 

tributed to substances exuded from the 
Bartholin glands or the cervix of the 
uterus, is instead provided by a mucoid 
"sweat" of the vaginal walls that ap­
pears within seconds after the initial 
sexual stimulus; (3) the comparative 
duration and intensity of orgasm, both 
among different subjects and in the 
same subjects, demonstrates that male 
and female sexual responses differ in 
that the female is capable of repeated 
orgasms without intervals of relaxation, 
whereas the male is not. 

Misconceptions corrected by the 
study include the belief that there is a 
correlation betwee11 the dimensions of 
the clitoris or the penis and the indi­
vidual's sexual capacities. Masters and 
Mrs. Johnson also discovered, in the 
course of their studies involving auto­
manipulation, that few females con­
sistently engage in stimulation of the 
clitoris by direct contact. The male who 
accepts "marriage manual" advice to use 
this means of stimulating the female, 
they conclude, is doing something that 
most females have found more irritating 
than stimulating. 

Among the misconceptions that apply 
to males the authors find "probably 
more firmly entrenched in our culture 
than any other" the fear that middle 
age is inevitably accompanied by sex­
ual inadequacy. Among their subjects 
this was not the case with men who 
had consistently maintained sexual ac­
tivity; their 89-year-old subject was sex­
ually competent. They also found no 
basis for the belief that a high frequen­
cy of ejaculation (up to four times a 
day in the study) can cause mental or 
physical deterioration. 

Masters and Mrs. Johnson plan a sec­
ond volume on the psychosocial aspects 
of the sexual response, together with 
monographs on such topics as the treat­
ment of sexual inadequacy and sexual 
guidelines for cardiac patients and preg­
nant women. 

Circumlunation 

�na 10, the 540-pound Soviet space-
craft that was placed in orbit 

around the moon on April 3, has trans­
mitted a number of significant findings. 
Perhaps the most important is that the 
moon's surface emits gamma rays sim­
ilar to those emitted by granites at the 
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surface of the earth. This implies that 
the moon was once molten or semi­
molten, and that heavy substances could 
sink as lighter ones rose to the surface. 
The components of the moon's crust, 
like those of the earth's crust, would be 
relatively rich in such radioactive ele­
ments as uranium, thorium and potas­
sium, which give rise to gamma rays. 
If this fractionation had not taken place, 
the radioactive elements would be dis­
tributed more or less uniformly through­
out the moon, and the emission of 
gamma rays at the surface would be 
much weaker than what was observed. 

Other measurements made by Luna 
10 show that it is being bombarded by 
micrometeorites at a rate 100 times 
higher than the rate observed in inter­
planetary space. Luna 10 also detected 
energetic electrons at the time of the 
full moon, when the sun, the earth and 
the moon were in a line. It seems likely 
that the electrons originated in the 
earth's radiation belts and were blown 
out to the vicinity of the moon by the 
solar wind. LwwlO's magnetometer has 
reported the presence of a weak but 
regular magnetic field. A Soviet investi­
gator said that "it could be the moon's 
own magnetic field, an interplanetary 
magnetic field of solar origin or the 
'tail' of the earth's magnetic field." 

Vaccine for German Measles 

Success in preliminary tests of a vac­
cine made from an attenuated live 

strain of the rubella virus, the causative I 
agent of what was once deemed a triv­
ial childhood disease, was announced at 
the April meeting of the American Pedi­
atric Society in Atlantic City by Paul D. 
Parkman and Harry M. Meyer, Jr., 
physicians in the U.S. Public Health 
Service. The virulent effect of rubella, 
or "German measles," on unborn chil­
dren was not recognized until 1941, 
when the Australian ophthalmologist 
Norman McA. Gregg was able to relate 
cases of cataract in children to their 
mothers' history of rubella early in 
pregnancy. Contraction of the disease in 
the first three months of pregnancy is 
now grounds for therapeutic abortion. 
An epidemic of rubella that swept the 
U.S. between 1963 and 1965 is con­
servatively estimated to have caused no 
fewer than 20,000 fetal deaths and to 
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have been responsible for defects in the 
eyes, heart, ears or cen tral nervous sys­
tem of 30,000 children born during 
that period. 

Earlier live-virus rubella vaccines im­
munized the recipients by producing a 
mild case of German measles. Each re­
cipient could infect anyone who was 
not immune; the risk to expectant moth­
ers was too great to allow general use 
of such vaccines. The Parkman-Meyer 
preparation has been used to inoculate 
34 children; these children developed 
immunity while remaining in the com­
pany of 30 other children who were 
susceptible to rubella. In spite of their 
prolonged contact with the inoculated 
children, none of the 30 was infected. 

Justifiable Pain 

A state law prohibiting "unnecessary 
cruelty" to animals does not bar ex­

periments on living animals in high 
schools, a New Jersey judge has ruled. 
In a precedent-setting decision Judge 
Charles S. Barrett, Jr. , held that "if 
there is a truly useful motive, a real 
and valid purpose," animals may be 
treated in ways that are ostensibly cruel 
or ostensibly cause pain. 

The case involved an experiment con­
ducted in 1964 by a 17 -year-old East 
Orange High School biology student 
who injected four chickens with Rous 
sarcoma virus. Two of the chickens de­
veloped tumors and died. The two sur­
vivors were exhibited at a science fair. 
The New Jersey Society for the Pre­
vention of Cruelty to Animals then filed 
an action against the East Orange Board 
of Education under an 1880 statute 
concerning cruelty to animals. One 
part of the statute exempts from its pro­
visions "properly conducted scientific 
experiments" authorized by the State 
Department of Health, which may au­
thorize such experiments in specified 
kinds of institutions-not including high 
schools, argued the S.P.C.A. The law 
goes on to make it unlawful to "need­
lessly mutilate or kill" an animal or "in­
flict unnecessary cruelty." The S.P.C.A. 
held that live-animal experimentation 
in itself constitutes unnecessary cruelty 
and that the state legislature intended 
to limit all animal experimentation to 
authorized institutions. 

Judge Barrett disagreed. The legisla­
ture had not intended to require au­
thorization for all animal experimenta­
tion, he wrote; its exempting provision 
merely designated certain institutions 
that could remove themselves from any 
prosecution for cruelty to animals. Oth­
er institutions "may conduct living-ani-
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mal experiments" if they do not spe­
cifically violate the provisions on cruelty 
to animals. "Cruelty," the judge wrote, 
"to my mind is the unjustifiable inflic­
tion of pain with the act having some 
malevolent or mischievous motive"; ed­
ucational and scientific achievements 
could be qualities that would justify the 
inflicting of pain on animals. 

Genetic Code in Three Dimensions 

N ow that the "dictionary" of the ge-
netic code has essentially been 

worked out, biochemists have been try­
ing to discover patterns .in the relation 
between particular code groups and the 
amino acids they specify. British work­
ers have recently found evidence that 
the various code "words"-each a se­
quence of three nitrogenous bases in a 
molecule of nucleic acid-have a three­
dimensional structural relation with the 
amino acids for which they are known 
to code. Amino acids are of course the 
building blocks of protein molecules; 
the particular sequence of amino acids 
specified by the genetic code gives each 
kind of protein molecule its distinctive 
character. 

The finding of a lock-and-key relation 
between code groups and amino acids 
may help to explain why the genetic 
code is universal. It would be hard to 
explain otherwise why mutations had 
not altered the code in the long evolu­
tionary process that separated man from 
one-celled organisms. At the same time 
the finding of a lock-and-key relation 
comes as something of an embarrass­
ment to existing models of the mecha­
nism of protein synthesis, which make 
no provision for a structural fit between 
the three bases of a code group, or 
codon, and its designated amino acid. 

The structural studies of codons and 
amino acids is reported in a recent issue 
of Nature by S. R. Pelc and M. G. E. 
\Velton of the Medical Research Coun­
cil Biophysics Research Unit in London. 
They built models of the various amino 
acids and codon triplets using "space-' 
filling" plastic atoms, which closely sim­
ulate the dimensions of actual atoms. 
For example, they would examine the 
fit between a model of the amino acid 
asparagine and a model of its codon 
triplet formed by two adenine units and 
a cytosine unit (the codon designated 
AAC). They considered the fit satisfac­
tory if they could demonstrate that the 
amino acid and its triplet would form at 
least four chemical bonds without undue 
strain or distortion. They found that 90 
percent of the codon-amino acid com­
plexes required by the genetic code 

would bond in this manner without cre­
ating undue strain. They were also able 
to show in general that structural fitting 
could not be achieved for complexes of 
codons and amino acids that violated 
the genetic code. 

These findings suggest that the struc­
tural fit between codon and amino acid 
almost certainly plays an important role 
in the mechanism of protein synthesis. 
Exactly what that role is remains ob­
scure. 

Retroactive Birth Control 

A pill that halts pregnancy after con-
ception has been announced by 

John McL. Morris and Gertrude van 
Wagenen of the Yale University School 
of Medicine. Morris and Miss van 
Wagenen told a meeting of the Ameri­
can Fertility Society that the pill, if 
taken by a woman within six days after 
sexual relations, prevents implantation 
of the fertilized ovum in the uterus. 
Implantation normally occurs on the 
sixth or seventh day after fertilization. 

Morris, a professor of gynecology, 
and Miss van vVagenen, a lecturer in 
obstetrics and gynecology, began re­
search in postintercourse birth-control 
drugs several years ago under a grant 
from the Population Council of New 
York. Morris said the objective was a 
drug that was nontoxic and fully effec­
tive and did not produce any fetal ab­
normality if taken in marginal doses or 
at the wrong time after sexual relations. 
The first drug to meet those standards 
as tested in rabbits and monkeys, he 
said, was ORF-3858, a carboxylic acid 
derivative developed by the Ortho Re­
search Foundation. Because ORF-3858 
does not yet have the approval of the 
Food and Drug Administration for use 
in humans, the Yale investigators un­
dertook some limited testing of wom­
en with the hormone diethylstilbestrol. 
This too was effective in arresting preg­
nancy after conception, Morris said, but 
it showed some aftereffects that may 
make it unsuitable for continued use. 
He added that some drugs other than 
ORF -3858 and diethylstilbestrol also 
had been tested successfully. "Which 
of these different compounds will even­
tually reach the market I do not know," 
he said, "but a number of them have 
a great deal of promise." 

Steel from Idle Resources 

A technique that may make large 
quantities of unexploited iron ore 

usable in steelmaking and also clear 
some of the accumulations of junked 
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automobiles from the countryside is 
being developed by metallurgists of the 
U.S. Bureau of Mines. The process is 
described in a report by M. M. Fine and 
Charles Prasky of the bureau's Twin 
Cities Metallurgy Research Center in 
Minneapolis; the report is entitled 
"Magnetic Roasting of Iron Ores with 
Ferrous Scrap." In the process non­
magnetic taconite, an iron ore difficult 
to use in steelmaking, is roasted with 
steel scrap in such a way that both 
materials are changed to the readily 
usable magnetic ore magnetite. Thus 
made magnetic, the material is suitable 
for the magnetic separators used to ex­
clude some of the nonmetallic material 
from an iron ore before the ore is used 
in a steehnaking process. Nonmagnetic 
taconite is abundant as an ore and 
junked automobiles are abundant as 
scrap, so that a steelmaking process 
employing these materials would utilize 
resources that are now mostly idle. 

Two factors motivated the research 
that led to the new process: first the 
declining reserves of magnetic ore, and 
secondly the increase in the number 
of junked automobiles as improvements 
in steelmaking have reduced the need 
for scrap. The key to the taconite-scrap 
process is in chemical changes that 
occur during roasting. Nonmagnetic 
taconite is nonmagnetic because it con­
tains too much oxygen; scrap metal, 
because of its high iron content, is a 
good reducing agent. Hence if the non­
magnetic taconite is roasted with fer­
rous scrap, some of the oxygen is re­
moved from the taconite and it becomes 
magnetic. Moreover, the scrap itself is 
converted into magnetite. Fine and 
Prasky say that "theoretically one pound 
of iron metal will reduce 11.5 pounds 
of nonmagnetic iron oxide (Fe�Oa) and 
itself be converted to 1.4 pounds of 
magnetic iron oxide (FeoO,j) for a total 
of almost 13 pounds of magnetite." 

Science of Science 

In the past few years the concept of 
a new scientific discipline has been 

evolving in the hands of a small group 
composed of scientific investigators, 
scientific administrators and journalists. 
The discipline would be "the science 
of science," or "the examination of the 
phenomenon of science by the methods 
of science itself." Its advocates suggest 
that there are many existing branches 
of scholarship that can contribute to 
the analysis of science and that they 
show signs of cohering in a whole that 
is greater than the sum of its parts. The 

new discipline, says one of its propo­
nents, "might be called 'history, philoso­
phy, sociology, psychology, economics, 
political science and operations research 
(etc.) of science, technology, medicine 
(etc.).' " In a recent article in the British 
journal The Technologist J. D. Bernal 
and A. L. Mackay of the University of 
London further define the science of 
science and speculate on what it might 
accomplish. 

Bernal and Mackay write: "Science 
must examine itself." vVhy must it do 
so? Because, they assert, there is a need 
to learn how science works and make it 
work better. The proportion of avail­
able resources devoted to science has 
been steadily increasing; such increases 
cannot continue indefinitely in the de­
veloped countries and are impossible in 
the underdeveloped ones. Accordingly 
"the strategy of the deployment of lim­
ited resources needs practical study." 
The preconditions for a science of sci­
ence now exist, Bernal and Mackay 
suggest, because there is enough science 
to be studied statistically and enough 
case histories have accumulated so that 
their common elements can be recog­
nized and classified. Science operates in 
enough different cultural and economic 
environments for its special characteris­
tics in various environments to be iden­
tified. Moreover, science itself is provid­
ing the tools with which to establish 
new connections and syntheses that 
make possible the analysis of complex 
phenomena. 

Typical science-of-science investiga­
tions are being conducted by Derek 
J. de Solla Price and his colleagues at 
Yale University. In one study they are 
analyzing the structure of "invisible col­
leges": informal groups of investigators 
in a small field of study who collabo­
rate, communicate with and criticize 
one another. For a second study they 
have developed a computer method for 
analyzing a "matrix" of cross citations in 
technical journals. 

The new field of study was institu­
tionalized in 1964 by the formation in 
London of the Science of Science Foun­
dation, with Bernal and Price among 
the members of an advisory council, 
and with Maurice Goldsmith, a British 
science writer, as director. III addition to 
promoting investigation in areas rangin g 
from "the analysis of the flow of scien­
tific information" to "the relationship 
between science and technology," the 
foundation hopes to encourage studies 
of national and international scientific 
policy and the relations of science and 
government. 
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You'd have to be crazy 
to publish a firm software 
delivery schedule. 
Here's one for Sigma 7: 

Fourth quarter 1966. Stand-alone package, operating without a monitor in 
minimum storage. Includes SOS standard FORTRAN IV, a standard Assem­
bler, a Library of Mathematical and Utility Routines, and a program debug 
package. This package permits you to operate one job at a time - either a real­
time or a general-purpose job. 

First quarter 1967. The first level of SOS monitors, called Basic Control 
Monitor. All the stand-alone software is available under the monitor, and you 
can now do two things simultaneously - a real-time job in the foreground, and 
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Second quarter 1967. You step up to Batch Processing Monitor, a much 
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SDS Extended FORTRAN IV, debug version, oriented toward program 
checkout. 

High-Efficiency Extended FORTRAN IV, oriented toward efficient 
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Extended assembler (Meta-Symbol). 

ADAPT, an application-oriented package for numerical control of 
machine tools. 

Third quarter 1967. Debug version of PLil. 

Fourth quarter 1967. Conversational versions of FORTRAN IV and PLlr; 
standard version of the Universal Time-Sharing Monitor; High-Efficiency ver­
sion of PLI I. 

Soon thereafter we will deliver the Extended version of the Universal Time­
Sharing Monitor; MANAGE, a management information system which 
includes a Report Generator; a generalized Sort/Merge program, and other 
applications packages. 

All Sigma 7 software is reentrant. We're not promising to deliver a great big musclebound 
mass of all-purpose software all at once. 

And we're not going to let you sit and wait for software 
after your Sigma 7 is installed. 

Sigma 7 software is multi-use. It looks the same regard­
less of the mode of use of the hardware. 

We're going to deliver successive levels of software on 
a firm schedule. Every level is compatible with the next 
one, so that you'll move up to greater capability with each 
new package. 

Sigma 7 software gives you a choice of three compila­
tion modes - debug, high-efficiency, conversation. 

All Sigma 7 software has very low overhead. The muscle 
is where it counts. 

All of the delivery dates are firm. We'll be glad to put 
them in writing. In an order. 

Scientific Data Systems 
1649 Seventeenth Street. Santa Monica, California 
Offices in principal cities throughout the world 
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RIVER MEANDERS 

The striking geornetric regularity of a winding nver IS no accident. 

Meanders appear to be the forn1 in ,vhich a river does the least ,york 

in turning; hence they are the lTIOst probable forn1 a river can take 

Is there such a thing as a straight 
river? Almost anyone can think of a 
river that is more or less straight for 

a certain distance, but it is unlikely that 
the straight portion is either very 
straight or very long. In fact, it is almost 
certain that the distance any river is 
straight does not exceed 10 times its 
width at that point. 

The sinuosity of river channels is 
clearly apparent in maps and aerial pho­
tographs, where the successive curves 
of a river often appear to have a certain 
regularity. In many instances the re­
peating pattern of curves is so pro­
nounced that it is the most distinctive 
characteristic of the river. Such curves 
are called meanders, after a winding 
stream in Turkey known in ancient 
Greek times as the Maiandros and today 
as the Menderes. The nearly geometric 
regularity of river meanders has at­
tracted the interest of geologists for 
many years, and at the U.S. Geological 
Survey we have devoted considerable 
study to the problem of understanding 
the general mechanism that underlies 
the phenomenon. In brief, we have 
found that meanders are not mere ac­
cidents of nature but the form in which 
a river does the least work in turning, 
and hence are the most probable form 
a river can take. 

Regular Forms from Random Processes 

Nature of course provides many op­
portunities for a river to change direc­
tion. Local irregularities in the bound­
ing medium as well as the chance 
emplacement of boulders, fallen trees, 
blocks of sod, plugs of clay and other 
obstacles can and do divert many rivers 
from a straight course. Although local 
irregularities are a sufficient reason for 
a river's not being straight, however, 
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by Luna B. Leopold and W. B. Langbein 

they are not a necessary reason. For one 
thing, such irregularities cannot account 
for the rather consistent geometry of 
meanders. Moreover, laboratory studies 
indicate that streams meander even in 
"ideal," or highly regular, mediums [see 
illllstmtion on page 64J. 

That the irregularity of the medium 
has little to do with the formation of 
meanders is further demonstrated by 
the fact that meandering streams have 
been observed in several naturally ho­
mogeneous mediums. Two examples are 
ocean currents (notably the Gulf 
Stream) and water channels on the sur­
face of a glacier. The meanders in both 
cases are as regular and irregular as 
river meanders. 

The fact that local irregularities can­
not account for the existence of river 
meanders does not rule out other ran­
dom processes as a possible explana­
tion. Chance may be involved in subtler 
and more continuous ways, for example 
in turbulent flow, in the manner in 
which the riverbed and banks are 
formed, or in the interaction of the flow 
and the bed. As it turns out, chance op­
erating at this level can explain the 
formation of regular meanders. It is a 
paradox of nature that such random 
processes can produce regular forms, 
and that regular processes often pro­
duce random forms. 

Meanders commonly form in allu­
vium (water-deposited material, usually 
unconsolidated) ,  but even when they 
occur in other mediums they are in­
variably formed by a continuous process 
of erosion, transportation and deposi­
tion of the material that composes the 
medium. In every case material is 
eroded from the concave portion of a 
meander, transported downstream and 
deposited on the convex portion, or bar, 
of a meander. The material is often de-

posited on the same side of the stream 
from which it was eroded. The condi­
tions in which meanders will be formed 
in rivers can be stated rather simply, 
albeit only in a general way: Meanders 
will usually appear wherever the river 
traverses a gentle slope in a medium 
consisting of fine-grained material that 
is easily eroded and transported but has 
sufficient cohesiveness to provide firm 
banks. 

A given series of meanders tends to 
have a constant ratio between the wave­
length of the curve and the radius of 
curvature. The appearance of regularity 
depends in part on how constant this 
ratio is. In the two drawings on page 62 
the value of this ratio for the meander 
that looks rather like a sine wave (top) 
is five for the wavelength to one for the 
radius; the more tightly looped meander 
(bottom) has a corresponding value of 
three to one. A sample of 50 typical 
meanders on many different rivers and 
streams has yielded an average value 
for this ratio of about 4. 7 to one. An­
other property that is used to describe 
meanders is sinuosity, or tightness of 
bend, which is expressed as the ratio 
of the length of the channel in a given 
curve to the wavelength of the curve. 
For the large majority of meandering 
rivers the value of this ratio ranges be­
tween 1. 3 to one and four to one. 

Close inspection of the photographs 

ENTRENCHED MEANDERS of the Colo­

rado River in southern Utah were photo­

graphed from a height of about 3,000 feet. 
The meanders were probably formed on the 

surface of a gently sloping floodplain at 

about the time the entire Colorado Plateau 

began to rise at least a million years ago. 

The meanders later became more developed 

as river cut deep into layers of sediment. 

Mean downstream direction is toward right. 
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WID TH OF CHANNEL (W) = 1 
WAVELENGTH (A) = 11.5 
LENGTH OF CHANNEL (L) = 16.5 
RADIUS OF CURVATURE (rc) = 2.3 

WIDTH OF CHANNEL (W) = 1 
WAVELENGTH (A) = 6.9 
LENGTH OF CHANNEL (L) = 24.8 
RADIUS OF CURVATURE (rc) = 2.3 

PROPERTIES used to describe river meanders are indicated for two typical meander 

curves. A series of meanders has a regular appearance on a map whenever there tends to be 

a constant ratio between the wavelength (,\.) of the curve and its radius of curvature (r c), 
The value of this ratio for the meander that looks rather like a sine wave (top) is five to 
one; the more tightly looped meander (bottom) has a corresponding value of three to one. 

An average value for this ratio is about 4.7 to one. Sinuosity, or tightness of bend, is ex· 

pressed as the ratio of the length of the channel (L) in a given curve to the wavelength of 

curve. The value of this ratio for the top curve is 1.4 to one and for the bottom curve 3.6 
to one. On the average the value of this ratio ranges between 1.3 to one and four to one. 
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and maps that accompany this article 
will show that typical river meanders 
do not exactly follow any of the familiar 
curves of elementary geometry. The 
portion of the meander near the axis of 
bend (the center of the curve) does 
resemble the arc of a circle, but only 
approximately. Neither is the curve of a 
meander quite a sine wave. Generally 
the circular segment in the bend is too 
long to be well described by a sine 
wave. The straight segment at the point 
of inflection-the point where the curva­
ture of the channel changes direction­
prevents a meander from being simply 
a series of connected semicircles. 

Sine-generated Curves 

We first recognized the principal 
characteristics of the actual curve traced 
out by a typical river meander in the 
course of a mathematical analysis aimed 
at generating meander-like curves by 
means of "random walk" techniques. A 
random walk is a path described by 
successive moves on a surface (for ex­
ample a sheet of graph paper); each 
move is generally a fixed unit of dis­
tance, but the direction of any move 
is determined by some random process 
(for example the turn of a card, the 
throw of a die or the sequence of a 
table of random numbers). Depending 
on the purpose of the experiment, there 
is usually at least one constraint placed 
on the direction of the move. In our 
random-walk study one of the con­
straints we adopted was that the path 
was to begin at some point A and end 
at some other point B in a given num­
ber of steps. In other words, the end 
points and the length of the path were 
fixed but the path itself was "free." 

The mathematics involved in finding 
the average, or most probable, path 
taken by a random walk of fixed length 
had been worked out in 1951 by Her­
mann von Schelling of the General 
Electric Company. The exact solution 
is expressed by an elliptic integral, but 
in our case a sufficiently accurate ap­
proximation states that the most prob­
able geometry for a river is one in which 
the angular direction of the channel at 
any point with respect to the mean 
down-valley direction is a sine func­
tion of the distance measured along 
the channel [see illustration on opposite 
page]. 

The curve that is traced out by this 
most probable random walk between 
two points in a river valley we named 
a "sine-generated" curve. As it happens, 
this curve closely approximates the 

© 1966 SCIENTIFIC AMERICAN, INC



shape of real river meanders [see illus­
tration on next page). At the axis of bend 
the channel is directed in the mean 
down-valley direction and the angle of 
deflection is zero, whereas at the pOint 
of inflection the angle of deflection 
reaches a maximum value. 

A sine-generated curve differs from a 
sine curve, from a series of connected 
semicircles or from any other familiar 
geometric curve in that it has the 
smallest variation of the changes of di­
rection. This means that when the 
changes in direction are tabulated for 
a given distance along several hypo­
thetical meanders, the sums of the 
squares of these changes will be less 
for a sine-generated curve than for any 
other regular curve of the same length. 
This operation was performed for four 
different c�rves of the same length, 
wavelength and sinuosity-a parabolic 
curve, a sine curve, a circular curve and 
a sine-generated curve-in the illustra­
tion on page 65. When the squares of 
the changes in direction were measured 
in degrees over 10 equally spaced inter­
vals for each curve, the resulting values 
were: parabolic curve, 5,210; sine curve, 
5,200; circular curve, 4,840; sine-gener­
ated curve, 3,940. 

Curve of Minimum Total Work 

Another property closely associated 
with the fact that a sine-generated 
curve minimizes the slim of the squares 
of the changes in direction is that it is 
also the curve of minimum total work 
in bending. This property can be dem­
onstrated by bending a thin strip of 
spring steel into various configurations 
by holding the strip firmly at two points 
and allowing the length between the 
fixed points to assume an unconstrained 
shape [see top illustration on pages 66 
and 67). The strip will naturally avoid 
any concentration of bending and will 
assume a shape in which the bend is as 
uniform as possible. In effect the strip 
will assume a shape that minimizes total 
work, since the work done in each ele­
ment of length is proportional to the 
square of its angular deflection. The 
shapes assumed by the strip are sine­
generated curves and indeed are good 
models of river meanders. 

A catastrophic example ot a sine­
generated curve on a much larger scale 
was provided by the wreck of a South­
ern Railway freight train near Green­
ville, S.C., on May 31, 1965 [see bot­
tom illustration on page 67). Thirty 
adjacent flatcars carried as their load 
700-foot sections of track rail chained in 

a bundle to the car beds. The train, 
pulled by five locomotives, collided with 
a bulldozer and was derailed. The vio­
lent compressive strain folded the train­
load of rails into a drastically foreshort­
ened snakelike configuration. The elastic 
properties of the steel rails tended to 
minimize total bending exactly as in the 
case of the spring-steel strip, and as a 
result the wrecked train assumed the 
shape of a sine-generated curve that 
distributed the bending as uniformly as 

if) w 
w 
cr:: 
\.9 w 
Qt:;: w -' -' w 
Z 0 
Z f­
<l: 
I 
Uf-

o� cr:: 
Z 
Q� f­
U w 
cr:: 
is 

A 

B 

-.25 a .25 

D 

possible. This example is particularly 
appropriate to our discussion of river 
meanders because, like river meanders, 
the bent rails deviate in a random way 
from the perfect symmetry of a sine­
generated curve while preserving its 
essential foml. 

The Shaping Mechanism 

The mechanism for changing the 
course of a river channel is contained 

MEAN DOWN-VALLEY DIRECTION 

G 

F 
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SINE·GENERATED CURVE (top) closely approximates the shape of real river meanders. 

This means that the angular direction of the channel at any point with respect to the mean 
down-valley direction (toward the right) is a sine function of the distance measured along 

the channel (graph at bottom). At the axis of each bend (B, D and F) the channel is di­

rected in the mean down.valley direction and the angle of deflection is zero, whereas at 

each point of inflection (A, C, E and G) the angle of deflection reaches a maximum value. 
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MAPS at left depict segments of two typical meandering streams, 

the Mississippi River near Greenville, Miss. (a), and Blackrock 

Creek in Wyoming (b), as well as a segment of an experimental 

meander formed in a homogeneous medium in the laboratory (c). 

Measurements of the angular direction of the channels with respect 

to the mean downstream direction were made at regular inter-
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vals along the c"nter lines of the two natural meanders and along 

the thalweg, or deepest part of the channel, of the experimental 

meander. When these measurements were plotted against the dis­

tance of each channel, the resulting curves closely approximated 

sine waves (right). The corresponding sine-generated curves are 

superposed on their respective channel maps (broken black curves). 
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in the ability of water to erode, trans­
port and deposit the material of the 
river's medium. Especially on a curve, 
the velocity gradient against the chan­
nel bank sets up local eddies that con­
centrate the expenditure of energy and 
localize erosion. An idealized flow pat­
tern in a typical meander is shown in 
the top illustration on page 68. The 
left side of the illustration indicates 
the velocity vectors at various pOints for 
five cross sections along the curve. As 
the cross sections indicate, the depth 
of the channel changes systematically 
along the curve, the shallowest section 
being al the point of inflection and the 
deepest section at the axis of bend. At 
the same time the cross-sectional shape 
itself changes; it is symmetrical across 
the channel just downstream from the 
point of inflection and most asymmetri­
cal at the axis of bend, the deeper sec­
tion being always nearer the concave 
bank. The velocity vectors show a nor­
mal decrease in velocity with depth ex­
cept at the axis of bend and near the 
concave bank, where the highest velocity 
at any point in the meander occurs some­
what below the surface of the water. 

The right side of the same illustration 
shows the streamlines of flow at the 
surface of the meander. The maximum­
velocity streamline is in the middle of 
the channel just downstream from the 
poin t of inflection; it crosses toward 
the concave bank at the axis of bend 
and continues to hug the concave bank 
past the next point of inflection. River­
boatmen navigating upstream on a large 
river face the problem that the deepest 
water, which they usually prefer, tends 
to coincide with the streamline of high­
est velocity. Their solution is to follow 
the thalweg (the deepest part of the 
river, from the German for "valley way") 
where it crosses over the center line of 
the channel as the channel changes its 
direction of curvature but to cut as close 
to the convex bank as possible in order 
to avoid the highest velocity near the 
concave bank. This practice led to the 
use of the term "crossover" as a syno­
nym for the point of inflection. 

The lack of identity between the 
maximum-velocity streamline and the 
center line of the channel arises from 
the centrifugal force exerted on the 
water as it flows around the curve. The 
centrifugal force is larger on the faster­
moving water near the surface than on 
the slower-moving water near the bed. 
Thus in a meander the surface water is 
deflected toward the concave bank, re­
quiring the bed water to move toward 
the convex bank. A circulatory system 

PARABOLIC CURVE 

SINE CURVE 

-- CIRCULAR CURVE -- SINE·GENERATED CURVE 

VARIATION IN CURVATURE of a sine·generated curve is less than for any other regu· 

lar geometric curve. This means that when the changes in direction are tahulated for small 

distances along several hypothetical meanders, the sums of the squares of the changes in 

direction will be less for a sine·generated curve than for any other curve. The changes in 

direction were measured in degrees over 10 equally spaced intervals for each of the four 

curves depicted here. When the squares of these changes were summed, the following 
values were obtained: parabolic curve, 5,210; sine curve, 5,200; circular curve, 4,840; 

sine·generated curve, 3,940. The four curves are equal in length, wavelength and sinuosity. 

is set up in the cross-sectional plane, 
with surface water plunging toward the 
bed near the concave bank and bed 
water rising toward the surface near 
the convex bank. This circulation, to­
gether with the general downstream 
motion, gives each discrete element of 
water a roughly helical path that re­
verses its direction of rotation with each 
sllccessive meander. As a result of this 
helical motion of water, material eroded 
from the concave bank tends to be 
swept toward the convex bank, where 
it is depOSited, forming what is called a 
point bar. 

Erosion of the concave banks and 
deposition on the convex banks tends to 
make meander curves move laterally 
across the river valley. Because of the 
randomness of the entire process, the 
channel as a whole does not move 
steadily in any one direction, but the 
combined lateral migration of the me­
anders over a period of many years re­
sults in the river channel's occupying 
every possible position between the val­
ley walls. The deposition on the point 
bars, combined with the successive oc­
cupation by the river of all possible 
positions, results in the formation of the 
familiar broad, flat floor of river valleys-

the "floodplain" of the river. The con­
struction of a floodplain by the lateral 
movement of a single meander can be 
observed even in the course of a few 
years; this is demonstrated in the bot­
tom illustration on page 68, which is 
made up of four successive cross sec­
tions surveyed between 1953 and 1964 
on vVatts Branch, a small tributary of 
the Potomac River near vVashington. 

The overall geometry of a meander­
ing river is an important factor in deter­
mining the rate at which its banks will 
be eroded. In general the banks are 
eroded at a rate that is proportional to 
the degree with which the river channel 
is bent. Any curve other than a sine­
generated curve would tend to concen­
trate bank erosion locally or, by increas­
ing the total angular bending, would 
add to the total erosion. Thus the sine­
generated curve assumed by most me­
andering rivers tends to minimize total 
erosion. 

Riffles and Pools 

In the light of the preceding discus­
sion it is possible to examine some of 
the hydraulic properties of meanders in 
greater detail. If a river channel is re-
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STRIP OF SPRING STEEL is used to demonstrate that a sine· 

generated curve is the curve of minimum total work. The strip is 
bent into various configurations by holding it firmly at two points 

and allowing the length between the fixed points to assume an un· 

garded as being in a steady state, the 
form it assumes should be such as to 
avoid concentrating variations in any 
property at the expense of another 
property. 

For example, variations in depth and 
velocity are inherent in all river chan­
nels, whether they are straight or 
curved. Even a reach, or length of 
channel, that is quite straight has a 
more or less uneven bed that consists 
of alternating deeps and shallows. Al­
though this is not so obvious in a period 
of high flow, it becomes quite apparent 
at low flow, when the shallow sections 
tend to ripple in the sunlight as water 
backs up behind each hump in the bed 
before pouring over its downstream 
slope. To a trout fisherman this fast 
reach is known as a riffle. Alternating 
with the rimes are deeps, which the 
fisherman would call pools, through 
which the water flows slower and more 
smoothly. 

The alternation of rimes and pools in 
a trout stream at low flow is noteworthy 
for another reason. The humps in the 
stream bed that give rise to the rimes 
tend to be located alternately on each 
side of the stream [see top illustration 
on page 69]. As a consequence the 
stream at low flow seems to follow a 
course that wanders successively from 
one side of the channel to the other, in 
a manner having an obvious similarity 
to meandering. 

The analogy between this temporary 
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sinuosity and full-scale meandering is 
strengthened by the fact that the rimes 
occur at roughly equal intervals along 
the channel. Moreover, the spacing of 
the rimes is correlated with the width 
of the channel. Successive rimes are 
located at intervals equal to about five 
to seven times the local channel width, 
or roughly twice the wavelength of a 
typical meander. This surprisingly con­
sistent ratio seems even more remark· 
able when one realizes that each mean­
der contains two rimes, one at each 
point of inflection. This observation led 
us to hypothesize that the same mecha­
nism that causes meanders must also be 
at work in straight channels, and that a 
detailed study of the form and the 
hydraulic properties of two segments of 
channel that differ only in their degree 
of curvature might shed some light on 
the formation of meanders. 

Obtaining Meander Profiles 

In order to test this hypothesis it 
was necessary to obtain accurate data 
for all the pertinent hydraulic factors: 
depth, velocity, water·surface profile 
and bed profile. For several years we 
had attempted to measure such factors 
in small rivers near vVashington just 
after every heavy rainstorm, when there 
was a rapid increase in streamflow. The 
water level changed so quickly in such 
storms, however, that there was never 
enough time to measure all the hydrau. 

lic factors in detail through a succession 
of two rimes and an intervening pool. 
Then in 1959 we tried another strategy: 
we decided to measure a small stream 
in \Vyoming, named Baldwin Creek, in 
early June, a period of maximum runoff 
from melting snow. Measurements were 
made in two places, a meandering reach 
and a straight reach, that were com­
parable in all outward aspects except 
sinuosity. The stream was about 20 feet 
wide and was nearly overflowing its 
banks, so that we could just barely 
walk in it wearing chest.high rubber 
waders. 

Robert M. Myrick, an engineer with 
the Geological Survey, and one of us 
(Leopold) began a series of measure­
ments in the midafternoon of June 19, 
surveying water·surface and bed pro­
files with a level and a rod, and making 
velocity and depth measurements with 
a current meter and a rod. When dark­
ness came, we lighted lanterns and con· 
tinued our measurements. At about day­
break we slept for a few hours and then 
resumed the survey, grateful that the 
melting snow had kept the stream at a 
steady high flow for such a long time. 

Several days later we were able to 
sit down under a tree and plot the 
profiles, velocities and depths on graph 
paper. \Vhat emerged was a quite un­
expected contrast between meandering 
reach and straight reach [see bottom il­
lustration on page 69]. The slope of the 
water surface in the meandering reach 
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constrained shape. The strip will naturally avoid any concentration 

of bending and will assume a shape in which the bend is as uniform 

as possihle. In each of the four cases shown here this shape is a 

sine.generated curve and indeed a good model of a river meander. 

was clearly steeper than that in the 
straight reach; moreover, the water­
surface profile of the meandering reach 
was nearly a straight sloping line, 
whereas the straight reach had a 
stepped profile, steep over the rifRe bars 
and comparatively Hat over the inter­
vening pools. 

What did this mean? It was as if the 

river had, to use somewhat anthro­
pomorphic terms, chosen to cut a me­
ander curve in order to achieve a more 
unifOllli water-surface profile. This sug­
gested that the river had chosen the 
curved path in order to achieve the 
objective of uniform energy loss for 
each unit of distance along the channel, 
but had paid a price in terms of the 

larger total energy loss inherent in a 
curved path. 

Conclusions 

These data provided the key to fur­
ther research, which ultimately resulted 
in several conclusions. First, it ap­
pears that a meandering channel more 

CATASTROPHIC EXAMPLE of a sine-generated curve on a much 

larger scale was provided by the wreck of a Southern Railway 

freight train near Greenville, S.C., on May 31, 1965. Thirty adja­

cent flatcars carried as their load 700-foot sections of track rails 
chained in a bundle to the car beds. The train, pulled by five loco­
motives, collided with a bulldozer and was derailed. The violent 

compressive strain folded the trainload of rails into the drastically 

foreshortened configuration showu in this aerial photograph_ The 

elastic properties of the steel rails tended to minimize total bending 

exactly as in the case of the spring·steel strip shown at top of these 

two pages, and the wrecked train assumed the shape of a sine·gener­

ated curve that distributed the bending as uniformly as possible_ 
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IDEALIZED FLOW PATTERN of a typical meander is shown here. The left side of the 

illustration indicates the velocity vectors in a downstream direction for five cross sections 
across the curve; the lateral component of the velocity is indicated by the triangular hatched 

areas. The right side of the illustration shows the streamlines at the surface of the meander. 
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LATERAL MIGRATION of a typical meander is demonstrated in this drawing, made up 

of four successive cross sections surveyed between 1953 and 1964 on Watts Branch, a small 

tributary of the Potomac River near Washington. The lateral migration of meanders by 

the erosion of the concave banks and deposition on the convex banks over many years 

results in a river channel's occupying every possible position between the valley walls. 
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closely approaches uniformity in the 
rate of work over the various irregulari­
ties of the riverbed than a straight 
channel does. Of course the slope of the 
water surface is, with a slight correction 
for velocity, an accurate indicator of the 
rate at which energy is lost in the form 
of frictional heat along the length of 
the stream. Therefore a uniform longi­
tudinal water-surface slope signifies a 
uniform expenditure of energy for each 
unit of distance along the channel. 

A meander attains a more uniform 
rate of energy loss by the introduction 
of a form of energy loss not present in 
a straight reach, namely the curved 
path. It is evident that work is required 
to change the direction of a Bowing 
liquid. Thus the slope of the water sur­
face should increase wherever a curve 
is encountered by a river. In a meander 
it is at the deep pools, where the water­
surface slope would be less steep than 
the average, that the introduction of a 
curve inserts enough energy loss to 
steepen the slope, thereby tending to 
make the slope for each unit of river 
length nearly the same. Accordingly the 
alternation of straight shallow reaches 
with curved deep reaches in a meander 
appears to be the closest possible ap­
proach to a configuration that results in 
uniform energy expenditure. 

It is now possible to say something 
about the development of meandering 
in rivers. Although one can construct in 
a laboratory an initially straight channel 
that will in time develop a meandering 
pattern, a real meandering river should 
not be thought of as having an "origin." 
Instead we think of a river as having a 
heritage. When a continent first emerges 
from the ocean, small rills must form 
almost immediately; thereafter they 
change progressively in res.ponse to the 
interaction of uplift and other processes, 
including irregularities in the hardness 
of the rock. 

Today the continuous changes that 
occur in rivers are primarily wrought 
by the erosion and deposition of sedi­
mentary material. As we have seen, 
rivers tend to avoid concentrating these 
processes in any one place. Hence any 
irregularity in the slope of a river-fm' 
example a waterfall or a lake-is tem­
porary on a geological time scale; the 
hydraulic forces at work in the river 
tend to eliminate such concentrations of 
change. 

The formation of meander curves of 
a particular shape is an instance of this 
adjustment process. The meandering 
form is the most probable result of the 
processes that on the one hand tend to 
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PROFILES of the water surface and bed of a small stream in Wy· 

oming named Baldwin Creek were obtained by one of the authors 

(Leopold) and a colleague in 1959 during a period of maximum 

runoff from melting snow. Measurements were made in two places, 

a meandering reach and a straight reach, that were comparable in 
all outward aspects except sinuosity (map at top). What emerged 

was a quite unexpected contrast between the two reaches (bottom). 

The slope of the water surface in the meandering reach was clearly 
steeper than that in the straight reach; moreover, the water·surface 

profile of the meandering reach was nearly a straight sloping 

line, whereas the straight reach had a stepped profile, steep over 

the rime bars and comparatively flat over the intervening pools. 
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in this box. 
2. Two of these numbered statements 

are not true. 
3. The average increase in I.a. scores of 

those who learn to play WFF 'N PROOF 
is more than 20 points. 
Is statement No.3 t 
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gameis @ $6.50 each (including $.50 
for postage and handling). I enclose 
$ .................... and understand that if I 
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turn the kit in 10 days for a full re­
fund of the purchase price. 
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Address " ....................... . 
City .................... State .... ....... Zip .. . 

Refund and return privileg-es guaranteed! 
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eliminate concentrations of energy loss 
and on the other tend to reduce the 
total energy loss to a minimum rate. The 
sine-generated curvature assumed by 
meanders achieves these ends more 
satisfactorily than any other shape. 

The same tendencies operate through 
the erosion-deposition mechanism both 
in the river system as a whole and in a 
given segment of the river. The ten­
dency toward uniform power expendi­
ture in the entire river leads toward a 
longitudinal profile of the river that is 
highly concave, inasmuch as uniformity 
in the rate of work per unit of length 
of channel would be achieved by con­
centrating the steepest slopes near the 
headwaters, where the tributaries and 
hence discharges are small. The longitu­
dinal concavity of the river:s profile also 
minimizes work in the system as a 
whole. 

Such a longitudinal concave profile, 
however, would lead to considerable 
variation in the rate of energy expendi­
ture over each unit area of channel bed. 
Uniformity in this rate would be best 
achieved by a longitudinal profile that 
was nearly straight rather than by one 
that was highly concave. Actual river 
profiles lie between these two extremes, 
and meanders must be considered in 
both contexts: first, as they occur within 
the river system as a whole, and second, 
as they occur in a given segment of 
channel. 

In the context of the entire river 
system a meander will occur where the 
material constituting the banks is com­
paratively uniform. This will be more 
likely to take place downstream in a 
floodplain area than upstream in a head­
water area. To the extent that the me­
andering pattern tends to lengthen the 
downstream reaches more than those 
upstream, it promotes concavity in the 
longitudinal profile of the system, there­
by promoting uniformity in the rate of 
energy expenditure per unit of channel 
length. 

In the local context of a given seg­
ment of channel the average slope of 
the channel is fixed by the relation of 
that segment to the whole profile. Any 
local change in the channel must main­
tain that average slope. Between any 
two points on a valley floor, however, 
a variety of paths are pOSSible, any one 
of which would maintain the same slope 
and hence the same length. The typical 
meander shape is assumed because, in 
the absence of any other constraints, 
the sine-generated curve is the most 
probable path of a fixed length between 
two fixed points, 
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Western Electric's big push on metal forming 

Immerse a piece of metal in fluid, 
subject it to pressures of two or 
three hundred thousand psi, and 
what do you get? Fantastic ductility. 

Like a lot of other people, West­
ern Electric engineers have known 
this for years. And recently, they 
began to wonder if cold forming 
under hydrostatic pressure could 
not become a lower·cost way of 
making parts that are now being 
made by such relatively expensive 
methods as electroforming. 

The problem was not so much 
in reaching the necessary pressure, 
nor in working the metal while 
maintaining the pressure. It was 

rather in finding ways of forming 
the parts fast enough to make the 
process economical. Progress has 
been gratifying. One important part 
- the coaxial cable sleeve shown 
below - is now being produced in 
quantity by the new method. 

The sleeve is formed by a com· 
bination of hydrostatic 
pressure and axial com· 
pression. A copper tube is 
placed inside a liquid­
filled die, and pressure is 
raised to approximately 
100,000 psi. A ram 
starts pushing against 
one end of the tube. At 

the same time pressure inside the 
tube is increased and liquid outside 
is bled off. What happens? The tube 
is blown out like a bladder and gets 
neatly squeezed to the necessary 
highly critical dimensions. What's 
more, we can do it 180 times an 
hour-with a 15 to 1 cost saving 
over the next best method. 

Cutting manufacturing costs is 
a day-to-day responsibility for 
Western Electric as part of the Bell 
System team. Since 1882 we have 
been working with the Bell tele­
phone companies to provide the 
world's finest telephone service at 
low cost. @western Electric 

� MANUfACTURING & SUPPLY UNIl Of THE BEll SYSTEM 
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BLUE·GREEN ALGAE of the species Glocotrichia echiTUtlata 

consist of numbers of individual cells strung together in atten. 

uated filaments radiating from a central point. The enlargement in 

FILAMENTOUS FORMS of blue.green algae also include the 

species Spirulina versicolor (top) and two filaments of the genus 

Arthrospira; the enlargement is approximately 1,500 diameters. 

this photomicrograph is about 150 diameters. Blue.green algae 

actually appear in a variety of colors. They were named blue.green 

because the first specimens to be classified were of that color. 

Arthrospim is one of the blue·green algae responsible for the pink 

color often seen in flamingos; the birds acquire the color from 

carotenes in the blue.green algae that are part of their diel. 
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THE BLUE-GREEN ALGAE 

These priluitive plants more closely resemble bacteria than they do 

other algae. They live in an extraordinary range of environments, 

and they have both beneficial and harnlful effects in human affairs 

T
he algae are the simplest mem­
bers of the plant kingdom, and 
the blue-green algae are the sim­

plest of the algae. Indeed, the blue­
green algae resemble bacteria more 
closely than they do other forms of 
algae. By this token they occupy a dis­
tinctive niche in the evolutionary order 
of things. They provide insights into 
the evolution of bacteria and algae, and 
also, since they are among the most 
primitive living cells, into the begin­
nings of the cell itself. Today, moreover, 
the blue-green algae have a consider­
able and increasing economic impor­
tance: they have both beneficial and 
harmful effects on human life. 

Most of the blue-green algae are 
blue-green, but not all; they are found 
in a wide range of colors. Their name 
stems from the fact that the first species 
to be recognized as members of the 
group were blue-green. A few of the 
2,000 species now known live as single 
cells of microscopic size. The cells of 
other species gather in colonies but still 
live essentially as individuals. Most 
species of blue-green alga, however, are 
filamentous: their cells are strung to­
gether in a hairlike structure. This is 
the form in which blue-green algae are 
most likely to be visible to the unaided 
eye, either as a mosslike growth on 
land or as a soft mass in water. 

Whatever the form, the individual 
cells of blue-green algae are much 
alike. Each is surrounded by a gelat­
inous sheath. Inside the sheath is a 
thin membrane that encloses the cell's 
cytoplasm. The cell of a blue-green alga 
lacks a well-defined nucleus and the 
elaborate intracellular membranes and 
separate organelles of cells in advanced 
plants and animals. In the peripheral 
parts of the cytoplasm there are, how­
ever, complex lamellae, or thin sheets, 

by Patrick Echlin 

that apparently form from the cell mem­
brane [see illustrations on page 78]. 

Reproduction in most blue-green 
algae is a simple and asexual proc­
ess. The cell merely divides. Some of 
the filamentous forms reproduce by a 
breaking of the filament, the two parts 
of which then grow by cell division. A 
few species of blue-green alga are able 
to reproduce by forming spores. 

Like most other algae, the blue­
greens manufacture their food by photo­
synthesis. They are distinctive, however, 
in that their photosynthetic pigments 
are distributed throughout the periph­
eral lamellae rather than in discrete 
bodies such as chloroplasts. A unique 
feature of certain filamentous species is 
the tendency to form heterocysts: large 
colorless cells at irregular intervals along 
a filament. The function of these cells 
is uncertain. According to various hy­
potheses they represent a vestigial re­
productive cell, a store of food or a 
structure associated with either cell 
division or the formation of internal 
spores. 

The blue-green algae are widely dis-
tributed over land and water, often 

in environments where no other vegeta­
tion can exist. They live in water that is 
salt, brackish or fresh; in hot springs 
and cold springs, both pure and min­
eralized; in salt lakes; in moist soils, 
and in symbiotic or parasitic association 
with other plants and animals. Most ma­
rine forms grow along the shore, fixed 
to the bottom in the narrow zone be­
tween the high and low tidemarks; a 
few float about as plankton. The largest 
number of species live in fresh water. 
Some can be found in fast-moving or 
turbulent waters, such as the water faIl­
ing on rocks under a waterfall; others 
flourish in quiet waters-even in bodies 

of water that appear only temporarily. 
On land in places of high humidity, 

such as gullies on the lower slopes of 
mountains, both tree trunks and rocks 
may be covered with gelatinous mats of 
many hues; the mats consist of single­
celled blue-green algae. The filamentous 
algae form a feltlike growth over exten­
sive land areas. Where high tempera­
tures are combined with high humidity, 
as in the Tropics, the growth can be 
quite luxurious. 

The wide variety of colors among 
blue-green algae has two main sources: 
the pigmentation of the gelatinous 
sheath and the pigmentation within the 
cell. The sheath, particularly in species 
that grow on land, is often deeply pig­
mented. Yellow and brown tints pre­
dominate, although shades of red and 
violet are also seen. The sheath colora­
tion appears to be related to the en­
vironment-chiefly to the amount of sun­
light received by the algae and to the 
acidity of their medium. 

Within the cell are three pigments 
that are found in all plants capable of 
photosynthesis: chlorophyll, carotene 
and xanthophyll. In addition there are 
two pigments that are found only in 
this group of organisms: the blue pig­
ment c-phycocyanin and the red pig­
ment c-phycoerythrin. It is these two 
pigments that are principally respon­
sible for the group's diverse coloration. 
The colors range from the red of the 
species Oscillatoria cortiana and Phor­
midium persicinllm through the emerald 
green of the genus Anacystis to the near 
black of some algae that live on rocks. 
The color of the algae is also dependent 
on the age and physiological state of the 
organism. Healthy cultures of Anacystis 
montana are a bright emerald green, 
whereas an old culture is a dirty yellow. 
There are even a few members of the 
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blue-green group that are colorless; they 
live in such diverse habitats as the bot­
tom of lakes, the intestines of animals 
and the human mouth. 

Certain forms of blue-green algae 
have the capacity for changing color in 
relation to the color of the light that 
falls on them. The filamentous alga Os­
cillatol'ia san eta is green in red light, 
blue-green in yellow-brown light, red in 
green light and brownish yellow in blue 
light. Some deep-water algae are red, 
apparently for the following reason. As 
sunlight penetrates deeper into water 
its longer wavelengths, starting with the 
wavelengths of red light, are progres­
sively absorbed. The last part of the 
visible spectrum to be absorbed is the 
blue. Such light could best be utilized 
for photosynthesis by algae with a pre­
ponderance of red pigments. 

The capacity of the blue-green algae 
for adjusting to light of different inten­
sities and colors means they are better 
adapted than other photosynthetic or­
ganisms to utilize the available light. 
This characteristic probably has much 
to do with the occurrence of these algae 
in so many terrestrial and aquatic habi­
tats. Blue-green algae can grow in full 

sunlight and in almost complete dark­
ness. In the Jenolan caves of Australia, 
for example, they grow on moist lime­
stone near incandescent lamps that are 
lighted for only six hours a week while 
tourists pass through. 

The majority of blue-green algae are 
aerobic photoautotrophs: their life 

processes require only oxygen, light and 
inorganic substances. The process of 
photosynthesis uses the energy of light 
to build carbohydrates (and some fats) 
out of carbon dioxide in the air or the 
water. The process of respiration then 
uses oxygen to "burn" these products 
and supply the energy needed for the 
rest of the alga's activities. Unlike more 
advanced organisms, these algae need 
no substances that have been preformed 
by other organisms. 

A few forms of blue-green algae, such 
as a species of Oseillatoria that is found 
in mud at the bottom of the Thames, 
are able to live anaerobically: their life 
processes do not require free oxygen. 
They obtain their energy from inorganic 
compounds such as hydrogen sulfide. 
Other species, notably some that live in 
the soil, can grow in the dark if they are 

ORDER AND FAMILY GENERA CHARACTERISTICS 

ORDER CHROOCOCCALES ANACYSTIS 
CHROOCOCCUS 
GLOEOCAPSA 
GLOEOTHECE Unicellular and free-living. 

MERISMOPEDIA solitary or colonial. 

MICROCYSTIS 
SYNECHOCOCCUS 
SYNECHOCYSTIS 

w --

ORDER CHAMAESIPHONALES CHA MAESIPHON Unicellular and free-living. solitary 
DERMOCARPA or colonial. Spore-producing. 

""""""",, 

ORDER PLEUROCAPSALES PLEUROCAPSA Filamentous_ Growing on or in rocks. 
. 

ORDER NOSTOCALES Filamentous, simple or branched. 

FAMILY OSCILLATORIACEAE LYNGBYA 
Simple filaments. No heterocysts. OSCILLATORIA 

FAMILY SCYTONEMATACEAE PLECTONEMA 
False branching. SCYTONEMA 

TOLYPOTHRIX Generally with heterocysts, 

FAMILY RIVULARIACEAE GLOEOTRICHIA 
False branching, Colonial. RIVULARIA 

FAMILY NOSTOCACEAE ANABAENA 
C YLiNDROSPERMUM Simple filaments, 
NOSTOC 

ORDER STIGONEMATALES FISCHERELLA 
T rue branching. Heterocysts. STiGONEMA 

CLASSIFICATION of blue· green algae according to a system used by many botanists lists 

them in the division Schizophyta, class Myxophyceae (Cyanophyceae) of the plant kingdom. 

About 2,000 species of bllle.green alga are grouped in the orders and families shown here. 

76 

supplied with suitable organic nutrients. 
Some forms are able to fix atmospheric 
nitrogen in soluble salts that can then 
be utilized by the alga itself. 

A remarkable feature of blue-green 
algae in water is their ability to move 
even though they possess no recogniz­
able locomotory parts such as flagella 
and cilia. The filamentous forms can 
move fairly rapidly; the unicellular 
forms move much more slowly. All 
the blue-green algae exhibit a glid­
ing movement parallel to the alga's 
long axis. The movement can be either 
forward or backward. Sometimes it is 
accompanied by rotation. 

Several mechanisms have been put 
forward to explain these movements. 
One currently receiving attention is that 
the excretion of a mucilaginous sub­
stance propels the alga. Other proposed 
mechanisms involve osmosis, surface 
tension, the streaming of cytoplasm 
within the cell and the propagation of 
rhythmic waves of contraction through 
the cell. In connection with this last 
hypothesis a scalloped edge visible in 
electron micrographs of some species 
of blue-green algae may be significant. 
Such an edge could be associated with 
contractile movement. 

Another remarkable feature of the 
blue-green algae is their ability to with­
stand environmental extremes such as 
high and low temperatures and high 
concentrations of salt. Indeed, blue­
green algae are perhaps best known to 
biologists as inhabitants of hot springs. 
Most of these "thermal" species live at 
temperatures of 50 to 60 degrees centi­
grade ( 122 to 140 degrees Fahrenheit); 
a few have been known to exist at tem­
peratures as high as 85 degrees C. (185 
degrees F.). Yet most of the thermal 
blue-green algae can also thrive at nor­
mal temperatures. Several species that 
flourish in my laboratory at the Uni­
versity of Cambridge at a temperature 
of 15 degrees C. (59 degrees F.) were 
collected from a hot spring in Yellow­
stone National Park. 

N 
for the other end of the environ-
mental temperature scale, blue­

green algae are found in mountain 
streams and in Antarctic lakes. Some 
species live in association with lichens 
on bare mountain rocks in polar regions, 
where the surface temperature may vary 
in a few hours from -60 to + 15 de­
grees C. (-76 to +59 degrees F.). In 
fact, the only cold environment in which 
blue-green algae are rare is snow. 

About a fifth of all the blue-green 
algae live in saline environments. A few 

© 1966 SCIENTIFIC AMERICAN, INC



b 

d 

TYPICAL SPECIMENS of blue.green algae include, at top, three 

of the unicellular and free·living variety: a, Coccochloris in a loose· 

ly formed colony; b, Allacystis dimidiata dividing; c, Allacystis 

thermalis in a compact colony. The remaining examples are of gen· 

era in which several cells exist together in a filament: d, Spirulilla, 

c 

l 

with two intertwined filaments; e, Oscillatoria; /, Aphanizomenoll, 

with two of the large, colorless cells called heterocysts; g, Toly· 

pothrix, which is a genus with false branching; It, Hapalosiplton, 

which has true hranching; i, Nostoc in a gelatinous mass. Each 

species is represented at an enlargement of ahout 500 diameters. 
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UNICELLULAR BLUE-GREEN ALGA is enlarged 90,000 diam­

eters in this electron micrograph of a specimen of Anacystis mon-

CELL 

PROTEIN BODY 

DNA FIBRILS 

LAMELLASOME 

PRINCIPAL PARTS of a cell of Anacystis montana are identified_ 

This genus, like other blue-green algae, lacks the highly specialized 

structures such as mitochondria and chloroplasts that are found in 
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tana_ Like all species of blue-green alga, the cell lacks a well­

defined nucleus_ A cell of the same species is shown in detail below_ 

RIBOSOMES 

LIPID GRANULE 

RESERVE 

���� ____ STRUCTURAL 
GRANULE 

GRANULES 

P GRANULES 

the cells of higher living forms_ The function of many algal struc­

tures, including the larger ones, is unknown_ Not shown is a 

gelatinous outer sheath characteristic of the blue-green algae_ 
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species are truly halophilic, or salt­
tolerant; such species are found in 
southern France and in California in 
brines with a salt concentration as high 
as 27 percent. (The concentration of 
salt in seawater is about 3 percent.) An 
extreme example of high salt tolerance 
is the single-celled species Gomphos­
phaeria, which grows abundantly in the 
spring called Bitter Waters in Death 
Valley. The concentration of magnesium 
salts there is so high that the mud 
around the spring is encrusted with 
them. 

l�rom the evolutionary stal�dpoillt the 
algae in general are of mterest be­

cause of the trends they reveal in the 
internal organization of the cell and the 
mechanism of cellular reproduction. The 
blue-green algae in particular, with their 
simple cell structure and asexual re­
production, appear to stand in close re­
lation to the first organisms on earth. It 
is in this context that the similarities 
between the blue-green algae and the 
bacteria have intrigued a number of 
investigators. 

Three features that set the blue­
green algae and the bacteria apart from 
all other cellular organisms have been 
known for some time. These features 
are the absence of nuclei, the absence 
of specialized organelles and the ab­
sence of sexual reproduction. Citing the 
absence of certain features from .two 
groups of organisms is, however, a rath­
er negative way of establishing sim­
ilarity between the groups. With the 
advances of electron microscopy in re­
cent years it has become possible to 
examine the fine structure of blue-green 
algae and bacteria and so to find some 
positive similarities between them. 

One such similarity is a fairly close 
resemblance between the cell wall of 
blue-green algae (not the gelatinous 
sheath) and the cell wall of bacteria [see 
illllstration on this page J. In both cases 
an important component of the cell 
wall belongs to the class of molecules 
known as mucopeptides. Another sim­
ilarity is that in both blue-green algae 
and the photosynthetic bacteria (as in 
other photosynthetic organisms) the es­
sential feature of the photosynthetic 
apparatus is a set of membranes en­
closing a space. In the blue-green algae 
these are the lamellae; in the photo­
synthetic bacteria they are called the 
chromatophores. 

These similarities and others argue 
strongly for isolating blue-green algae 
and bacteria in a group distinct from 
all other organisms. I would also argue 

Cl 

OUTER MEMBRANE 

INNER INVESTMENT 

INNER MEMBRANE 

PLASMA MEMBRANE 

b 
OUTER LAYER 

MIDDLE LAYER 

STRUCTURAL RESEMBLANCE between blue.green algae and bacteria is typified by the 

similarities of their exteriors. At a are the sheath and cell wall of a cell of blue.green alga; 

at b, the capsule and wall of a typical bacterium. The particular similarities are in the 

structure of the walls. In each organism the distance between the outside of the outer memo 

brane or layer and the inside of the inner one is between 200 and 400 angstrom units. 

that the blue-green algae and the bac­
teria have probably descended from the 
same type of ancestral cell, although 
here I must rest my case more on specu­
lation than on firm evidence. It is true 
that there are differences between the 
two types of organism. Blue-green algae 
are generally aerobic and photosynthetic 
and are more complex in fOlm than the 
bacteria. The bacteria are either aerobic 
or anaerobic, but they are usually not 
photosynthetic; they require for their 
existence substances preformed by other 
organisms. In cases where bacteria are 
photosynthetic they differ from blue­
green algae in photosynthetic mecha­
nism, particularly in the chemical nature 
of the pigments. 

Still, the similarities are too marked 
to be overlooked. It is unlikely that so 
many kindred features would arise inde­
pendently. This is the root of the argu­
ment for a common ancestral cell. The 
conspicuous differences between the 
blue-green algae and the bacteria pre­
sumably arose at later stages in their 
evolution. 

perhaps the most important contri-
bution made by the blue-green algae 

to human affairs lies in the fact that the 
nitrogen-fixing species increase the fer­
tility of the soil. It is more than likely 
that this contribution can be enhanced. 
R. N. Singh of the Banares Hindu Uni­
versity in India has shown that the in­
troduction of blue-green algae to saline 

and alkaline soils in the province of 
Uttar Pradesh increases the soils' con­
tent of nitrogen and organic matter and 
also their capacity for holding water. 
The treatment has so much improved 
these formerly barren soils that they 
can now be used to grow crops. 

Other studies have shown that blue­
green algae can fix enough nitrogen to 
support a good crop of rice and leave 
about 70 pounds of nitrogen in each 
acre after the harvesting of the rice. 
Astushi Watanabe of the University of 
Tokyo tested several species of blue­
green alga in rice paddies and found 
that the filamentous form Tolypothl'ix 
tenuis yielded 1)4 tons of nitrogen per 
acre per year. vVatanabe grew the algae 
in his laboratory on fine gravel soaked 
with a culture medium and aerated with 
air rich in carbon dioxide. The cultures 
were transferred to the experimental site 
in plastic bags and then inoculated into 
it. This kind of inoculation over a period 
of years increased the nitrogen in the 
soil by 30 percent and the yield of the 
rice crop by 20 percent. 

Experiments conducted some years 
ago in Kansas, Oklahoma and Texas by 
\IV. E. Booth of the University of Kansas 
showed that a coating of blue-green 
algae on prairie soil binds the particles 
of the soil together, maintains a high 
water content and reduces erosion. 
Singh has envisioned the agricultural 
application of algal "blooms": huge 
shoals of algae that sometimes form in 
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SYMBIOTIC RELATION of blue· green algae and another organism is represented by four 

cells of Glaucocystis nostochinearum, which are enlarged some 2,200 diameters in this 

photomicrograph. The host cells are a green alga that has lost its chloroplasts. Inside the 

host cells are filaments of a blue·green alga that apparently function as chloroplasts. 

bodies of water. (The Red Sea, for ex­
ample, owes its occasional red color to 
blooms of the blue-green alga Tricho­
desmium.) Singh's proposal is to use 
blooms as a manure because of their 
high content of nitrogen and phospho­
rus. He found that adding dried blooms 
to soil in which sugarcane was growing 
substantially increased the crop yield. 
Periodic applications of fertilizers suf­
ficient to maintain a continuous bloom 
of algae in fishing lakes in Alabama and 
Mississippi nourished the large numbers 
of small animals on which fish feed. 

Blue-green algae are often the first 
plants to colonize bare areas of rock 

and soil. A dramatic example of such 
colonization is provided by the island 
of Krakatoa in Indonesia, which was 
denuded of all visible plant life by its 
cataclysmic volcanic explosion of 1883. 
Filamentous blue-green algae were the 
first plants to appear on the pumice and 
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volcanic ash; within a few years they 
had formed a dark green gelatinous 
growth. The layer of blue-green algae 
formed in such circumstances eventual­
ly becomes thick enough to provide 
a soil rich in organic matter for the 
growth of higher plants. The algae fur­
ther contribute to soil formation by 
acting to break down the surface of the 
rock. 

Some of the blue-green algae that live 
symbiotically with other organisms un­
doubtedly have an economic impact, 
but it is difficult to measure. The best­
known example of such symbiosis is pro­
vided by lichens, which are a combina­
tion of a fungus and a blue-green alga. 
Usually the lichen fungus can grow 
only if the appropriate alga is present. 
Lichens, like blue-green algae alone, 
play an important role in pioneering 
plant growth on bare rock. The relation 
between the fungus and the alga is not 
clearly understood. Presumably the run-

gus receives carbohydrates and perhaps 
nitrogen compounds from the alga, and 
the alga is able to survive in otherwise 
inhospitable environments because of 
the moist medium for growth provided 
by the fungus. 

Several examples have come to light 
in which blue-green algae live para­
sitically within bacteria or other algae 
(including some blue-green species). I 
am currently investigating such an or­
ganism, Glallcocystis nostochinearum. 
This is a complex of two organisms: the 
host cell is a green alga that lacks the 
chlorophyll-containing chloroplasts, and 
within it are several filaments of a blue­
green alga. Apparently the blue-green 
algae act as chloroplasts for the host 
cell. 

There are many associations between 
blue-green algae and animals. The exact 
physiological relation between the part­
ners is not known; presumably the part­
nership produces an essential substance 
that neither partner could produce by 
itself. In associations of this kind it 
seems likely that the blue-green algae 
originally entered the host as food but 
resisted digestion and stayed perma­
nently-even, in the case of simple 
algae that reproduce by dividing, unto 
succeeding generations. 

vVhereas some blue-green algae act 
to break down rock, the species that live 
in hot springs actually build rock. This 
they accomplish by depositing salts of 
calcium and possibly silica within the 
gelatinous sheath of the algal cell wall. 
At Mammoth Hot Springs in Yellow­
stone National Park, for example, the 
algae deposit travertine at the rate of 
two feet a year. The bright colors of the 
basins and terraces around such hot 
springs are caused by the algae living 
in the oute,r layers. 

N one might expect of so large and 
widely distributed a group of or­

ganisms, the blue-green algae have some 
effects inimical to the interests of man. 
Today their most harmful effect is un­
doubtedly the formation of blooms in 
bodies of water. When these epidemic 
growths occur in fresh water, they can 
be hazardous to human health. They 
choke the intakes of water-supply sys­
tems and give the water a disagreeable 
odor. To make matters worse, the in­
creasing pollution of fresh waters in 
heavily populated areas favors the 
growth of algae and not of other or­
ganisms. Lake Erie, which once had 
white beaches and supported a pros­
perous fishing industry, is now seriously 
infested with blue-green algae. Sewage, 
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industrial wastes and an estimated 80 
tons a day of phosphates in water run­
ning off from farmlands have turned 
parts of the lake into a vast tank for the 
culture of algae. The algae rob the 
water of its oxygen, and the lake be­
comes incapable of supporting fish life. 
They also wash onto the beaches and 
cover them with a malodorous green 
slime. 

The measures needed to ameliorate 
this problem may cost the states that 
adjoin the lake up to a billion dollars 
apiece. The states have to expand 
sewage plants and establish tighter con­
trols over industrial wastes. They may 
also have to treat the water in areas 
where blooms occur with such algicides 
as copper sulfate, which in concentra­
tions as low as two parts per million pre­
vent all species of blue-green alga from 
growing. 

Under certain circumstances fresh­
water algae of such genera as Micro­
cystis, Aphanizomenon and Anabaena 
can cause death or injury to animals. 
Cases of human illness associated with 
blue-green algae are on record, even 
though forms such as Oscillospira and 
Anabaenolium normally reside in the 
human gastrointestinal tract. Various 
gastrointestinal, respiratory and skin 
disorders have been traced to the inges­
tion or inhalation of blue-green algae or 
to contact with them. In South Africa 
in 1943 thousands of cattle and sheep 
were killed along a dam in the Trans­
vaal, where the reservoir developed a 
poisonous bloom of Microcystis. The 
toxic substance, which was ingested by 
the animals when they were watered, 
was later identified as an alkaloid that 
affects the liver and central nervous 
system. 

I n general the harmful effects of blue-
green algae can be controlled. The 

beneficial effects are open to further 
development. The time may come, for 
example, when the pressure of popula­
tion on food supplies will justify mass 
cultivation of the blue-green algae, 
perhaps in conjunction with other algae. 
At present blue-green algae are seldom 
eaten by humans. There is, however, a 
species of Nostoc that forms into balls 
called "water plums," which have a 
high content of protein and oil and are 
eaten in parts of China and South 
America. Most blue-green algae are 
rather unpalatable, but that difficulty 
could be overcome by suitable flavor­
ings or by feeding the algae to fish, 
poultry and cattle destined for human 
consumption. 
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redown 
to earth 
We feel at home in space. So much so, that we've spent $20 million on space 
facilities, a pretty down-to-earth amount. And we have 3,000 engineers work­
ing on space programs. Besides, we have plans. 

They're big. But they're also realistic. Even now, Grumman is adapting the 
LEM vehicle to the following missions: 

• Earth orbiting space station for a variety of experiments 

• Lunar orbiting space station for gathering scientific data 

• Lunar taxi to support extended stays on the moon 

• Lunar shelter for astronauts 
• Cargo vehicle for a variety of payloads. 

And we're not done yet. 
These programs are tied in with our nation's post-Apollo objectives. 

That's part of being down to earth, too. 

GRUMMAN Aircraft Engineering Corporation · Bethpage, L.I., New York 
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APPLICATIONS OF THE COANDA EFFECT 

When a liquid or gas flows along a solid surface, it tends to stick 

to the surface. This effect, nan1ed for a Ron1anian aircraft pioneer, 

has potential uses in such devices as burners and hovering vehicles 

E
veryone knows that it is not easy 

to pour a liquid smoothly out of 
a teapot spout or the mouth of 

a bottle. The liquid has an annoying 
tendency to flow around the lip and 
dribble down the curved surface of the 
spout or the side of the bottle. What 

by Imants Reba 

causes the flow to bend and cling to 
the vessel's surface? Is it simply surface 
tension, as has usually been supposed? 
The answer is not quite so simple, and 
it has significant technological conse­
quences. 

In the year 1910 a young Romanian-

born engineer named Henri Coanda 
tested a new flying machine he had 
built himself. He had been a student of 
Alexandre Gustave Eiffel, designer of 
the Eiffel Tower and one of the pio­

J;eers of modern aerodynamics, at the 
Ecole Superieure Aeronautique in Paris, 

"TEAPOT EFFECT" is a low-speed form of the Coanda effect: 

water poured slowly from a glass tends to stick to the side of the 
glass in the same way that tea sticks to the spout of a teapot. High­
speed fluids similarly adhere to a surface of suitable shape. 
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and the young engineer's approach to 
flying was both bold and imaginative. 
Coanda's machine was a kind of jet air­
craft. It was equipped with an air com­
pressor powered by a reciprocating 
engine; thrust was obtained by injecting 
fuel into the compressed air to provide 
a kind of afterburner. At the outset 
Coanda was confronted with the possi­
bility that the flames from his two jet ex­
hausts might set fire to the plane's fuse­
lage, which was made of plywood. He 
therefore installed metal plates to de­
flect the exhaust flames away from the 
fuselage. 

Coanda took his vehicle out for a 
test run on a field at Issy-les-Mouli­
neaux, a Paris suburb. As he taxied 
across the field he saw with dismay 
that the deflecting plates, instead of 
diverting the exhaust away from the 
body of the plane, were actually suck­
ing the flames toward it! Preoccupied 
with this surprising development and 
with handling the engine throttle, Co­
and a did not notice until the last mo­
ment that he was approaching the Paris 
city wall at high speed. He jerked back 
on the control stick, became airborne 
long enough to clear the wall, then 
crashed. 

As far as is known, this was the first 
flight of a jet airplane. Reflecting on 
the incident, however, Coanda was less 
interested in the takeoff than in the 
strange phenomenon of the wrong-way 
bending of the jets by his deflector 
plates. At the first opportunity he dis­
cussed the event with Theodor von Kir­
man, the foremost theorist of aerody­
namics, who was then working at the 
University of Gottingen. Von Karman 
realized that the phenomenon was a 
new discovery and named it the Coanda 
effect. 

T
wenty-five years or more passed be-
fore any other investigator gave seri­

ous attention to the Coanda effect. 
Coanda himself went to work as chief 
engineer of the Bristol Aeroplane Com­
pany in Britain and became involved in 
various technical researches having 
nothing to do with this subject. In his 
spare time, however, he carried on 
experiments to examine the basic fea­
tures of the effect and its possible uses. 

Consider a sheet of fluid (gaseous or 
liquid) that is discharged through a 
slit onto an extended and rounded lip. 
As in the case of the teapot spout, the 
sheetlike stream will attach itself to 
the curved surface and follow its con­
tour. Coanda found that by construct­
ing a shoulder composed of a series of 

CAP SLIT LIP 
SHOULDER 

RESERVOIR 

COANDA EFFECT was named for the tendency of a fluid, either gaseous or liquid, to 
cliug to a surface that is near an orifice from which the fluid emerges. In this representa· 

tion air from the reservoir emerges through the slit and, as shown by the dark color, 

closely follows the sides of the vessel. An important part of the effect is the tendency of 
the primary flow of air to entrain, or draw in, more air (light color) from the environment. 

EXTERNAL NOZZLE was designed by the author in early tests of the Coanda effect as a 

means of generating lift. Pressure over the upper portion proved to be less than atmospher. 

ic; hence a vehicle with the shape of such a nozzle could be lifted by low pressure at top 

and higher pressure at bottom. Step near slit proved to he crucial in maintaining good lift. 

INTERNAL NOZZLE takes its name from the fact that the flow of air is through the in· 

side of the nozzle. Otherwise the Coanda effect is the same as that in the external nozzle. 
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short, flat surfaces, each at a certain 
angle to the one before and each with 
a certain length, he could bend a jet 
stream around an arc of 180 degrees 
[see top illustration on preceding page J. 
Moreover, by experimenting with air 
blown through the slit he discovered 
that the deRected airstream sucked in 
air from the surroundings. As the jet 
flowed around the shoulder it entrained 
up to 20 times the amount of air in the 
original jet. Coanda measured the air 
pressure at various points along the 
surface over which the stream was 
Rowing, and he established the signifi­
cant fact that the pressure on the sur­
face was less than atmospheric pressure: 
in other words, it represented a relative 
vacuum. Near the slit the existence of 
this vacuum accelerated the Row of the 
jet after it emerged from the slit. 

From his experiments and calcula­
tions Coanda derived a remarkable con­
clusion. The Coanda effect, he argued, 
could lift and propel a vehicle by a 
process that was the reverse of that in 

conventional propulsion systems. In­
stead of applying force at the rear of 
the vehicle (such as a rocket or a boat) 
to propel it against the resistance of the 
air or water in front, one could use the 
Coanda effect to generate a vacuum at 
the front, so that the higher pressure at 
the rear would impel rather than pro­
pel it. Similarly, a Coanda-generated 
vacuum above the vehicle would pro­
vide lift. In conventional aircraft-pro­
pulsion systems the necessary vacuum 
above the wings is generated by driving 
the vehicle forward at high speed; the 
Coanda system would accomplish the 
same purpose without any forward mo­
tion or moving parts simply by blowing 
air over a rounded shoulder. 

In aerodynamics the problem of pro­
pulsion is reduced to the problem of 
overcoming drag, a resistance whose 
components are high pressure at the 
nose of the vehicle and low pressure at 
the tail. Coanda's proposal, to put it 
briefly, consists of propelling the ve­
hicle by means of "negative drag": low 

pressure at the nose and higher pres­
sure at the rear. This suggestion is so 
completely contrary to ordinary con­
cepts about the flow of a Ruid around 
moving bodies that it has understand­
ably met with great skepticism among 
aerod ynamicists. 

Undismayed by skeptics or by the 
general lack of interest in his ideas, 
Coanda proceeded to construct various 
nozzles embodying his effect and to de­
sign vehicles to be propelled by them. 
The fact that some of his designs took 
the shape of flying saucers has not 
helped matters. The Coanda effect 
might have been dismissed as an eccen­
tric notion had it not attracted the at­
tention of the team of Allied scientists 
that was assigned to investigate the 
German wartime research after the lib­
eration of Paris in World War II. It was 
alleged that the Germans had conscript­
ed Coanda into their jet-propulsion re­
search. I n any case, the Allied scientists 
examined Coanda's devices and suggest­
ed that the Coanda effect merited seri-

IMPORTANCE OF GEOMETRY in optimizing the Coanda effect 

is demonstrated by these shadow photographs. At left is the 

flow of an un deflected jet of air. With a curved surface outside the 

slit (middle) the air tends to follow the surface, but with distor· 

tions. A step at the exit of the slit (right) produced a better flow 

but not an ideal one because the air impinged on the surface. 

FURTHER MODIFICATIONS showed (left) that too high a step 

can cause the flow to separate from the surface. With a grooved 

86 

surface (middle) the flow was undistorted. A well·balanced geome· 

try (right) provided an ideal flow that was tangent to the surface. 
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ous study. A theoretical analysis by von 
Karman in 1949 and experiments at 
the Cornell Aeronautical Laboratory in 
1952 supported Coanda. Several other 
investigators, however, reported that 
his claims could not be conRrmed, and 
this discouraged a thoroughgoing eval­
uation of his ideas. 

Happily unaware of the controversy 
among the experts, I was attracted 

to Coanda's concept by an article about 
him in a popular magazine in 1956. As 
a student at the Polytechnic Institute of 
Brooklyn, I was particularly interested 
in propulsion systems, and the unortho­
dox Coanda approach seemed exciting. 
vVhen I went on to graduate studies at 
the institute, working as a research as­
sistant in its newly established Rocket 
Propulsion Laboratory, I had the good 
fortune to obtain more technical infor­
mation about the Coanda effect from 
T. Paul Torda, director of the labora­
tory, who had worked with von K{mmln 
on the theoretical analysis. 

I set out to test the effect with a 
nozzle of my own design. Coanda had 
cxperimented with both "external" and 
"internal" nozzles. In the former the de­
Hecting shoulders were outside a tube; 
in the latter, inside [see middle and bot­
tom illustrations on page 85]. My nozzle 
was of the external type: a roughly cone­
shaped arrangement in which air blown 
outward through a slit circling the body 
would cascade over a shoulder angled 
60 degrees from the slit. This form of 
the device was inspired by the thought 
that the Coanda effect might he applied 
to a "ground-effect machine," the type 
of vehicle that moves over the ground 
on a thin cushion of air. For such a ma­
chine one of the main problems is steer­
ing and related control, since it has no 
traction with the ground. It seemed that 
Coanda nozzles might provide such 
controls. 

The Rrst tests of the nozzle were suc­
cessful. vVith a nozzle positioned up­
right in a model ground-effect machine, 
the Coanda phenomenon caused the 
model to take off and rise to a height of 
several inches when a fast stream of air 
was blown through the slit. Emerging 
from the slit at the speed of sound, the 
air accelerated to supersonic speed as 
soon as it began to flow over the 
shoulder. 

In 1961, having joined the Armour 
Research Foundation, now the lIT Re­
search Institute associated with the 
Illinois Institute of Technology, I was 
provided with funds for an investigation 
of the possible use of the Coanda effect 

REORIENTATION OF SURFACES was necessary to progress from nozzle-like applica. 

tions of the Coanda effect (top) to the wide·based shape (bottom) desirable for a ground. 
effect machine. The changes involved much experimentation with different configurations. 

for propulsion. Coanda had said that a 
Coanda nozzle, by increasing the mo­
mentum of the gas flow, could produce 
twice as much thrust as an ideal straight 
nozzle with the same input of energy. 
Experimenters testing his claim had 
failed to achieve any augmentation of 
thrust by means of the Coanda effect. 
Their test devices, however, were quite 
simple in design, whereas Coanda had 
developed rather sophisticated nozzles 
of complicated geometry. It therefore 
remained possible that with proper de­
sign a gain in thrust could be demon­
strated. 

As a start in our testing program I 
designed a one-piece nozzle six inches 
in diameter with a shoulder in the form 
of a series of successively angled flat 
surfaces, according to Coanda's original 
design. The results of its Rrst test were 
most disappointing. The airstream from 
the slit did not flow around the shoulder 
contour; it promptly detached itself 
unless the slit opening was made very 
small or the flow was very gentle and 
undisturbed. I went home from the 
laboratory frustrated and discouraged. 
But my assistant, Edward WohIthausen, 
stayed on and carefully went over every 
feature of the nozzle's construction. He 
discovered a seemingly trivial differ­
ence, which turned out to be crucial, 
between this model and the one I had 
built originally at Brooklyn Poly tech. 

i\I Y Rrst model had had a small step 
down from the mouth of the slit. This 
small step at the aperture, only about 
a thirty-second of an inch deep, made 
the difference between the airstream's 
clinging to the shoulder and separating 
from it. \Vith such a step the new 
model also worked. 

We then proceeded to extensive test-
ing of some 30 different shoulder 

conRgurations. With the help of shadow­
graph photography that showed details 
of the flow, we obtained several in­
teresting insights into the Coanda effect 
[see illustrations on opposite page]. The 
small step at the very lip of the slit is im­
pOl-tant because it tUl11S the flow from 
the slit into an eddy, or vortex, which 
in this device rings the entire nozzle 
and therefore forms what is called a 
ring vortex. It is the vortex-or rather 
the low pressure generated within it­
that causes the stream from the slit 
to bend and thus follow the contour of 
the shoulder. The curving of the stream 
around the shoulder produces a force 
directed radially outward; this force, 
tending to pull air away from the 
shoulder surface, apparently accounts 
for the relative vacuum, or suction, next 
to the surface. To maintain the suction, 
which prevents separation of the stream 
from the surface and causes the flow 
to accelerate, the stream must hug the 
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shoulder surface closely without actually 
impinging on it or adhering to it. 

Our experiments showed clearly that 
the creation of a stable Coanda effect 
depends on the appropriate adjustment 
of many factors: the diameter of the 
slit, the strength of the jet, the depth of 
the step and various other details of 
the shoulder contour. Particularly cru­
cial is the ratio of the slit diameter to 
the diameter of the nozzle as a whole. 
If the slit is too wide in relation to the 
shoulder breadth, the stream will tend 
to detach itself from the surface; if it 
is too narrow, the stream will tend to 
stick to the surface. Also important is 
the texture of the surface: a properly 
roughened surface helps to prevent 
distortion of the stream flow. In short, 
it takes a complex set of arrangements 
to produce a useful Coanda effect. It 
is no wonder that most investigators of 
the effect had found it to be an elusive 
phenomenon. 

a 

b 

c 

d 
SHROUD 

Obviously the effect depends pri­
marily on the maintenance of a balance 
between the centrifugal force and the 
suction force as the stream flows around 
the shoulder and afterbody of the 
nozzle. vVe found by experiments that 
the efficiency of the effect could be en­
hanced by certain adjustments of the 
orientation of the slit and the slope of 
the shoulder; these controlled the dis­
tribution of pressure within the stream 
so that it did not separate from the sur­
face. 

Although we obtained high thrust 
efficiencies with such devices, we were 
not able to produce the gain in thrust 
(over the theoretical capabilities of con­
ventional jet devices) that Coanda had 
said should be achievable. At this junc­
ture, in the spring of 1963, Coanda him­
self visited my laboratory. (He was then 
77 years old.) He examined the model 
with which I was working, bent over it 
and cupped his hands around the noz-

zle. The fluid in a manometer attached 
to the model promptly rose, showing an 
increase in the suction pressure. By 
simply forming a shroud around the 
nozzle with his hands Coanda had 
increased the device's production of 
thrust! 

The shroud, Coanda explained, 
guides the streamlines of the entrained 
flow in a direction parallel to the sur­
face of the model and thus enhances 
the suction pressure. Coanda went on to 
emphasize also the importance of proper 
design of the afterbody, or tail, beyond 
the shoulder. A suitably tapered after­
body, he said, would cause the flowing 
stream to exert a positive pressure on 
the rear of the body and thereby add to 
the propulsive thrust. 

Not entirely convinced of this last 
argument, because it was so con­

trary to accepted ideas in aerodynam­
ics, I nevertheless proceeded to build 
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CONFIGURATION AND SHROUDING affect the performance of 

an airfoil. At a the Coanda effect over the airfoil at left produces 

the forces represented at right. At b the result of placing a shroud 

over the same airfoil is shown. An airfoil of different geometry ap· 

pears unshrouded at c and shrouded at d. In each instance the data 
were obtained from an airfoil that was fixed rather than moving. 
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several models based on Coanda's rec­
ommendations. The shroud concept im­
mediately proved its value in enhancing 
thrust. The afterbody theory, on the 
other hand, turned out to be harder to 
confirm. At length, after more than 
a year of experimenting with various 
afterbody configurations, we finally pro­
duced one that bore out Coanda's pre­
diction [see illHstration on opposite 
page]. This nozzle, with a shroud and 
a steeply tapered tail, produced a thrust 
19 percent greater than that of an ideal 
jet lacking the augmentation of the 
Coanda effect. 

Independent studies at the University 
of Toronto's Institute of Aerospace Sci­
ence, at Pennsylvania State University 
and at the Research Center of the 
Huyck Corporation in Stamford, Conn., 
have also verified that Coanda nozzles 
are capable of augmenting thrust. Gains 
of up to 38 percent have been reported. 
Indeed, it can be said that Coanda's 
hypothesis of propulsion by negative 
drag has been confirmed. 

This is not to say that the Coanda 
effect is fully understood. There is no 
doubt that the gain in thrust with the 
Coanda type of nozzle derives from 
the fact that a jet sheet flowing around 
a curved wall entrains more outside 
fluid than a straight jet stream does. 
But the mystery remains: Why does it 
do so? The answer probably lies in the 
turbulences set up within a curving jet 
sheet; presumably they promote vigor­
ous mixing of portions of the fluid and 
so increase the rate of entrainment at 
the outer edge of the sheet. In any case, 
we now know from experiments that the 
Coanda effect does work to' augment 
thrust, and we therefore have a sound 
basis for exploring possible useful ap­
plications of the phenomenon. Indeed, 
it has already shown its usefulness in 
another field, namely the device known 
as, the fluid amplifier, whose functioning 
depends on the Coanda effect [see 
"Fluid Control Devices," by Stanley W. 
Angrist; SCIENTIFIC AMERICAN, Decem­
bel', 1964]. 

The first device we built to test the 
practical application of Coanda 

thrust was a small model called GEM 
(for ground-effect machine). This dome­
shaped model, two feet in diameter, has 
a ring slit at the top, a shoulder con­
figuration in the form of an ellipse with 
its major axis parallel to the ground and 
a short, collar-shaped shroud around 
the lower part [see illustrations at right]. 
The slit is inclined at an angle of 45 
degrees from the horizontal, so that the 
jet is directed upward-contrary to all 

GROUND·EFFECT MACHINE, which is known by the acronym GEM, rests on a table at 

top and rises from the table at bottom. It achieves lift by means of air, but in an unusual 

way. Because of the Coanda effect the pressure at GEM's top is less than atmospheric. With 

this negative drag, or reduced resistance, over the upper portion of the surface, the higher 

pressure at the bottom lifts or drives the vehicle. The hole on the left side is the air intake. 

TOP VIEW of the GEM shows the slit from which the air emerges. The slit is the thin light 

circle near the outer edge of the dark central area. The dark circle just outside the slit 

is the step. This model, designed by the author, is approximately two feet in diameter. 
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conventional uses of jet thrust to gen­
erate lift. This vehicle is raised from 
the ground simply by the jet of air that 
produces a vacuum at the upper sur­
face, flows around the shoulder and 
emerges at the bottom, thus producing 
the ground effect: pressure higher than 

that of the environment. The primary 
jet, generated by a small ducted fan, 
represents a comparatively modest ap­
plication of power, the strength of the 
jet amounting to a pressure of four 
inches of water. 

The cover hooding the slit at the top 

of the model can be tilted so that the 
slit is widened on one side and nar­
rowed on the other; this maneuver, by 
skewing the distribution of force over 
the top surface, serves as a means of 
banking the vehicle in the air. By a 
simple modification of the vehicle's 

HYDROFOIL CRAFT using the Coanda effect has achieved speeds 

of more than 19 knots in this pool. The model is about four feet 
long. The wings on the hull are for stabilizing the craft and for 

generating a ground effect; propulsion is from an underwater foil. 

KEY PART of the hydrofoil is this foil with several slits for 

achieving the Coanda effect. Water emerging from the slits (right) 
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tends to curve around the foil because of the Coanda effect, there­

by creating a negative drag similar to that in the airborne GEM. 
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fOtm it has been endowed with forward 
propulsion. In this model the configura­
tion of the body is asymmetrical, and 
the resulting asymmetrical distribution 
of forces in the jet sheet provides for­
ward thrust to the vehicle. 

The Coanda system offers several im­
provements over the present versions 
of ground-effect machines. It should 
reduce the amount of power needed for 
propulsion, reduce the weight of the 
machine, permit steering of the vehicle 
by banking and make it easier to mount 
slopes. 

The estimated lift efficiency of the 
present rather crude model is about 25 
pounds of lift per horsepower for a lift­
off height of about a twentieth of the 
diameter of the vehicle. This perform­
ance is comparable to that of ground­
effect vehicles operated by conventional 
means. It remains to be seen, however, 
if a vehicle of the Coanda type will 
retain comparable lift efficiency when it 
is scaled up to full size. 

A
nother vehicle currently under de-

velopment in our laboratory is a 

boat of the hydrofoil type, that is, a 

craft in which the foil lifts the hull out 
of the water. In this case, employing 
the Coanda effect, the hydrofoil is self­
propelling: it provides not only the lift 
and controls but also the propulsion of 
the craft. Nozzles that emit jets of water 
are incorporated in the leading edges 
of the foil, the strut and water-intake 
pods. The craft has a hull with down­
swept wings that I have designed to 
minimize drag, improve the craft's sta­
bility on the water and provide some ad­
ditional lift by the ground effect [see 
illustrations on opposite page]. 

Our present model, four feet long 
and weighing 22 pounds, cruises at bet­
ter than 20 miles per hour at the end 
of a tether in a circular pool 10 feet 
in diameter. It can lift its hull out of 
the water and ride on the hydrofoil at 
very low speed and without using any 
more power than is required for cruis­
ing. Control of the craft is accomplished 
by means of surfaces that do not pro­
trude into the flow. Thanks to the large 
entrainment of fluid from the vicinity of 
the nozzles, the foil generates essential­
ly no wake, very little spray and little 
noise. We believe the use of a "ventilat­
ing flow"-achieved by injection of small 
amounts of air-will minimize undesir­
able effects caused by cavitation (the 
formation and collapse of bubbles 
around the foil). If we are right, a full­
scale version of the craft should be ca­
pable of speeds of more than 80 knots, 

Several thousand scientists and engineers 

will see this message, but ... 

ONLY 

A FEW 

CAN 

QUALIFY 
• Because of the nature of our work, not everyone can meet our 
exacting requirements. We are engaged primarily in analytical 
and theoretical studies dealing with questions of strategic and 
tactical warfare, economic development, and space systems­
essentially problem solving-requiring disciplines in the physi­
cal sciences, engineering, mathematics, behavioral sciences 
and economics. 

For those who meet our high standards and jOin our growing 
company, the rewards are extraordinary. Our professional staff 
is small. Each member has great creative freedom in the quiet 
of his own office. Each finds personal pride-and endless chal­
lenge-in his work. And there is tremendous professional satis­
faction in contributing to the solution of problems of national 
and international import- problems that must be solved. 

Moreover, you will be encouraged to continue your education 
or teach (our Research Center is less than a mile from the 
campus of the University of California at Santa Barbara). The 
working climate and personal benefits are among the most 
satisfying and progressive to be found anywhere. 

During the next few months, we will add to our staff profes­
sionals capable of solving problems in these areas of activity: 

SYSTEMS ANALYSIS 
RADAR THEORY AND ANALYSIS 
ELECTRONIC COUNTER MEASURES 
OPTICAL SYSTEMS 

BEHAVIORAL SCIENCES 
ECONOMICS 
PHYSICS 
THEORETICAL AERODYNAMICS 

If you possess intellectual curiosity and an outstanding record 
of academic and professional achievement, we'd like to hear 
from you - whether or not you are present ly considering a 
change of association. We will send you a brief brochure which 
describes DRC in more detail and introduces present members 
of our professional staff. We'll also send you evidence of the 
delightful life available to those fortunate enough to live and 
work in world-famed Santa Barbara. 

Please write in confidence to Mr. John S. Adams, Assistant 
to the President. 

1m 
DEFENSE RESEARCH CORPORATION 

... contributing to the solution of problems of national importance 

po ST OFFI CE BOX 3587 . SA N TA BAR BARA, CA LI FO R N IA 93105 

(Opportunities also exist in the Washington, D.C. area) 
AN EQUAL OPPORTUNITY EMPLOYER 
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COANDA NOZZLE is shown disassembled at left and assembled at 

right. The plastic part is a shroud that enhances the Coanda ef· 

feet. The conical part is the afterbody; pressure over it is slightly 
above atmospheric when the nozzle is operating to achieve thrust. 

with a considerable saving of power 
over conventional high· speed hydrofoil 
boats. 

Aside from the uses of the Coanda 
effect for propulsion systems, which are 
still in a highly experimental stage of 
development, there is another type 
of application in which the principle 
has already proved its value. Nozzles 
based on this principle are extraordinar­
ily efficient as components of burners 
[see illustration below]. When properly 
shrouded, they produce an almost in­
visible flame with no smoke and essen­
tially complete combustion of the fuel. 

In some applications most of the air for 
combustion is supplied by the nozzle's 
entrainment of air. In addition the noz­
zle can be used as a pump to recirculate 
unburned gases and thus produce blue­
flame, smokeless combustion. To these 
advantages are added mechanical sim­
plicity, compactness, comparatively low 
cost and the absence of moving parts. 
Attempts are now being made to adapt 
the Coanda nozzle to the burning of 
heavy fuel oils. Nozzles of this kind 
might also be employed in vehicle­
propelling engines, and this possibility 
is now being considered. 

I t is in the field of propulsion, of 
course, that the prospects for employing 
the Coanda effect look most attrac­
tive. The promise of attaining a propul­
sion system that would produce its own 
dividend of power from the very nature 
of its design, that would have no mov­
ing parts such as propellers or fans, that 
could be blended into the contour of a 
vehicle without wasting space or sig­
nificantly disturbing aerodynamic char­
acteristics, that would be smaller, lighter 
and quieter than present engines-is in­
deed an incentive to further exploration 
of the Coanda effect. 

TYPICAL FLAME in a burner using a Coanda nozzle is blue, 
smokeless, quiet and well concentrated when the nozzle is properly 

shrouded. Almost total combustion of fuel is achieved. Much of air 

for combustion comes from entrainment of air by the Coanda effect. 
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Why 
the IBM 1130 

can give your project 

Because it comes with realistic 
application programming sup­
port. You name it. There's an 
application program that let s 
you concentrate on problems-not 
programming. 

Powerful programs 
• Mathematical and statistical 

capabilities you'd expect to find, 
and more. Curve and surface fit­
ting ... regression analysis ... ma-
trix inversion ... solution of non-
linear equations ... Fourier series 
analysis. 

• Geometry and structural anal­
ysis for the civil engineer. 

• Lens system design for the 
optical engineer. 

• Petroleum exploration and en­
gineering programs such as casing 
design, two-dimensional water-

a boost 

flooding, velocity functions from 
time-depth data, and many others. 

• System analysis by differential 
equations, by linear programming. 

• Critical path planning for 
scheduling projects. 

• A system for contour mapping 
and numerical approximation 
over a uniform grid, numerical in­
tegration, grid-to-grid operations, 
and other surface techniques. 

• And a plotting system with 
routines for scaling, labelling, and 
other functions related to graph 
generation. 

• Even a set of subroutines for 
commercial applications. 

Powerful computer 
The fact that the 1130 is a low­

cost, desk-size system shouldn't 
fool you. With its 3.6-microsecond 

memory, it's a big system. Bigger 
yet when you add a disk file with 
over a half-million-word capacity. 

And with the disk, you can have 
a full-fledged monitor program­
ming system. The monitor lets you 
stack jobs-in any sequence-and 
lets the computer process them 
automatically. 

You and the computer get off to 
a fast start with these IBM-pro­
vided programs. And for special 
needs, you write programs in 
FORTRAN language. 

The IBM 1130 is built for work­
scientific and engineering. It gets 
results faster with less expense 
because IBM understands your 
computing needs. 

That's why the IBM 1130 can 
give your project a boost. 

93 

© 1966 SCIENTIFIC AMERICAN, INC



Pigs in the Laboratory 

Similarities between the physiology of swine and of men sUf93'est that 

if pigs were smaller, they would make excellent experi111ental animals. 

The probleln of size has now been solved by breeding miniature pigs 

The pig is a greatly underap­
preciated animal. For thousands 
of years it has been a mainstay of 

civilization and a versatile servant of 
man. It is easily domesticated, and it 
can be raised in pens or allowed to fend 
for itself in the field or the woods, since 
it will eat almost anything, including 
man's leavings. The pig is the world's 
most bounteous supplier of meat and 
fat. What is not commonly realized is 
that it is capable of serving, and has 
served, in many capacities besides pro­
viding food. It was long employed as a 
beast of burden. In ancient Egypt it 
was used for treading seeds into the 
ground, its small hoofs planting them 
at the right depth in soft soil. The 
Polynesians, making use of the pig's 
sensitive nose, employed it to search out 
lost burials; other cultures trained the 
pig to grub for truffles and to retrieve 
game. In England pigs became popular 
substitutes for the hunting dog. A cele­
brated sow named Slut developed such 
proficiency in hunting that her ac­
complishments were recorded in 1807 
in the periodical Rural Sports: "Slut 
was ... trained ... to find, point and re­
trieve Game as well as the best Pointer. 
. .. When called to go out Shooting, 
she would come home off the Forest at 
full Stretch, and be as elevated as a 
Dog upon being shown the Gun." 

The subject of this article is not, how­
ever, the pig's aptitudes or its domestic 
history; it is the pig as a servant of 

science. In anatomy and physiology the 
pig is remarkably like man. Its heart 
and circulatory system, its diet, its ali­
mentary tract and even its teeth are 
very similar to those of a human being. 
Like man, the pig has comparatively 
little hair on its body. It has a tendency 
to be sedentary and fat. It develops 
stomach ulcers and cardiovascular dis­
eases resembling man's. In almost every 
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way the pig offers a closer analogy to 
man than do those laboratory favorites, 
the rat and the dog. 

The potential usefulness of the pig 
as an experimental animal was rec­

ognized in a general way centuries ago. 
Leonardo da Vinci studied the cyclic 
motions of the pig's heart. The 18th­
century investigator John Hunter, one 
of the most brilliant men of medicine 
Britain has produced, declared the pig 
to be the most useful of all animals for 
physiological studies. An anecdote in 
John Kobler's recently published biog­

raphy of Hunter (The Reluctant Sur­
geon) has a pig as its hero. The Mar­

grave of Baden Dierlach was stricken 
with an apparent heart disturbance, and 
his court physicians decided a poultice 
should be applied over the heart. They 
fell into dispute, however, about exactly 
where the heart was located in the 
chest. "To settle the issue to the Mar­
gra ve' s satisfaction, they dissected a pig 
before his eyes in the belief-and it is 
true-that the situation of a pig's heart 
is the same as that of a prince's. The 
Margrave finding this logic admirable, 

they applied a poultice accordingly a 
little to the left of his median pectoral 
line." 

Notwithstanding such recommenda­
tions, until recently the pig had won no 
enthusiastic admittance to laboratories. 
The great Russian physiologist I van 
Pavlov tried experimenting with pigs 
but gave it up when he found that as 
soon as a pig was placed on the table 
it began to squeal at the top of its lungs 
and squirm so that work was impos­
sible; Pavlov concluded that pigs were 
inherently hysterical. Work with pigs 
was handicapped by a general lack of 
knowledge about the care, feeding and 
handling (including anesthesia) of these 
animals in the laboratory. Most forbid-

ding was the pIg s size (pigs weigh as 
much as 800 pounds); there simply was 
not room for such a subject in most 
laboratories. 

All of this has now changed. Over the 
past decade several laboratories have 
succeeded in breeding miniature pigs 
that grow little larger (150 to 200 
pounds) than the average weight of a 
man. These animals not only are more 
manageable but also make possible more 
significant physiological investigations, 
because they are more closely scaled to 
the human body. As a result the pig has 
at last come into its own in biological 
research. A report by the United King­
dom Agricultural Research Council lists 
3,094 publications and current research 
projects with pigs as the subjects, and 
the Battelle-Northwest Laboratory of 
the Atomic Energy Commission has 
issued a selected list of more than 1,500 
articles that have been published in the 
past five years on studies of pigs in 
biology and medicine alone. 

My interest in pigs goes back to my 
boyhood on a farm in a Nor­

wegian community in western Washing­
ton. I never ceased to be amazed at how 
much pigs resembled people. They 
were temperate at the trough, neat and 
clean if given a chance, dignified in 
courtship and conjugality. It was as a 
graduate student at Washington State 
University in the late 1940's that I de­

veloped an enthusiasm for the pig's 
research possibilities. There, working 
under Tony J. Cunha and Eugene Ens­
minger, who introduced me to the use 
of the pig as an experimental animal, I 
began with studies of the effects of vita­
min deficiencies. In the course of these 
investigations I attempted the difficult 
task of raising pigs from birth without 
their mother, so that we might have 
subjects uncontaminated by colostrum 
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MINIATURE PIG lies anesthetized and ready for surgery after ex· 

perimental contamination with plutonium at the Battelle·N orthwest 

RADIATION DETECTORS are used to study a miniature pig's 

kidney function after experimental radiation damage. The instru· 

Laboratory of the Atomic Energy Commission. Here the author 

and his colleagues bred a strain of miniature pigs for experiments. 

ment over each of the pig's kidneys measures the concentration and 

movement of a substance labeled with a radioactive iodine isotope. 
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EARLY MINIATURE PIG, bred at the Pitman·Moore division of 

the Dow Chemical Company, feeds next to a standard Palouse pig, 

HANFORD MINIATURE, also shown with a standard Palouse 

pig, was bred from Pitman·Moore miniatures, crossed with the 

96 

a breed developed at Washington State University that often weighs 

800 pounds. A mature miniature pig weighs less than 200 pounds. 

Palouse strain to obtain the latter's white color. These pigs are 

being crossed with a Mexican strain to obtain a more hairless skin. 
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(the milk secreted immediately after 
delivery). I learned a great deal about 
pigs as I lived with them night and 
day for weeks, feeding them around the 
clock every two or three hours. When I 
returned some of the piglets to their 
mother after a few days, they embar­
rassed me somewhat by squealing ano 
running to me in preference to their 
mother (in consequence of their early 
imprinting) whenever they heard me 
approaching. The experiment, however, 
succeeded only in breaking up happy 
pig families (besides putting a severe 
strain on my own); under the given 
conditions and in the time allowed I 
did not manage to keep viable any litter 
that had been removed at birth from 
its mother. 

Much as I would have liked to con­
tinue my work with infant pigs, explor­
ing problems in nutrition, I was more 
strongly attracted to the field of radi­
ation biology, and so I joined the 
Hanford Laboratories of the General 
Electric Company (now the Battelle­
Northwest Laboratory); there investiga­
tions of the effects of ionizing radiation 
were being carried out on experimen­
tal animals. These studies began with 
sheep, but we soon extended them to 
swine, anticipating that the effects on 
the pig would provide a firmer basis for 
extrapolation to man. We used a stan­
dard breed of swine, called Palouse, 
that was developed at Washington State 
University. These animals grew to a 
weight of between 600 and 800 pounds, 
even on a restricted diet. They were 
costly to feed and maintain, were un­
wieldy and developed arthritis; more­
over, their size made it questionable 
that they could accurately be compared 
with man. As we ran short of feed, hous­
ing and patience we began to wish for 
a smaller pig. 

I learned that a friend from my 
graduate school days, David England, 
was conducting a project in breeding a 
small pig for research purposes at the 
Hormel Institute of the University of 
Minnesota. He and his associates Wil­

liam E. Rempel and Almut E. Dettmers 
had started the crossbreeding program 
with three wild pig varieties: a guinea 
hog from Alabama, a wild boar from 
Catalina Island and a hog from the pi­

ney woods of Louisiana. Later a fourth 
variety, a swine called Ras-N- Lansa 
from Guam, was introduced. Most re­
cently a white domestic pig, the Tam­
worth, was bred into the line to give it 
a light color. The Minnesota group's 
breeding efforts produced a compara­
tively small pig (adult weight about 180 

pounds) called the Hormel miniature. In 
the 15 years since they first created this 
breed they have reduced its weight by 
roughly a third. 

The Hormel Institute provided us 
with some castrated miniature pigs for 
experiments. It was the institute's policy 
at the time not to release any animals 
in its breeding program that were ca­
pable of reproducing. Since we wanted 
to raise our own miniatures we had to 
look elsewhere for a breeding stock. We 
found that the Pitman- Moore Company 
of Indiana, a veterinary pharmaceutical 
firm, was breeding another strain of 
miniature swine from a small, wild 
Florida hog of mixed ancestry; it was 

descended from pigs Columbus had 
brought to the New World and that had 
interbred with Caribbean swine. The 
Pitman- Moore Company generously 
presented the Hanford Laboratories 
with some of its best stock of this breed. 
With these animals as the basis, my 
associates- V. G. Horstman, M. E. Kerr 
and W. J. Clarke-and I began in 1957 
to breed a new strain. We particularly 
wanted white pigs, to facilitate studies 
of the effects of radiation on the skin; 
hence we crossed the Pitman-Moore 
breed with white swine of the Palouse 
strain. Later we crossed the offspring 
with a Labco pig, a sparsely haired, 
gentle swine from Mexico, and so pro­
duced an animal that not only is white 
but also has a smooth skin with very 
little hair. The weight of the Hanford 
miniatures at present runs from 150 to 
200 pounds. 

From the stocks I have mentioned 
and from others, several institutions are 
now engaged in breeding small pigs for 
research; among them are the Battelle­
Northwest Laboratory, the Hormel In­
stitute, the University of Nebraska, the 
U.S. Food and Drug Administration, 

the Vita Vet Laboratories, Labco and 
laboratories in France and Germany. 
One goal is to produce a pig smaller 
than a man-about 60 pounds or less­
that would require no more space or 
food than a dog and would be a better 
subject than the dog for many biological 
investigations. 

lst us review some of the recent re-
search in which pigs have served 

as the experimental animals. It would 
take volumes to survey the vast field of 
these wide-ranging studies; I can only 
report here the highlights of a few par­
ticularly interesting investigations. 

Chief among the inquiries in which 
the pig has been used so far is the study 
of nutrition. The pig's alimentary tract 

and metabolism are so similar to man's 
that it has yielded a wealth of informa­
tion bearing on human nutritional prob­
lems. The pig provides a standard for 
the feeding of infants and young chil­
dren. It has been found that a young 
pig has more stringent food require­
ments than a human baby; consequently 
one can be sure that a diet that provides 
healthy growth in a piglet will be ade­
quate for a baby. Experiments with 
pigs have also shed light on the protein­
deficiency disease of children called 
kwashiorkor. Wilson G. Pond and his 
associates at the Cornell University 
Graduate School of Nutrition produced 
the symptoms of this disorder in young 
pigs by feeding them a low-protein diet 
containing only 3 percent protein and 
20 percent or more of fat. Curiously 
they found that on the same low ration 
of protein young pigs did not develop 
as severe symptoms and showed normal 
activity if the fat content of the diet was 
reduced. On the low-protein, high-fat 
regime infant pigs suffered severe liver 
damage, anemia, gross edema and in 
addition permanent losses of learning 
ability. 

Several investigators, among them Je­
rome C. Pekas of the Battelle-Northwest 
Laboratory and Donal F. Magee of the 
Creighton University School of Medi­
cine, have shown that the pig is a par­
ticularly convenient animal for studying 
the functioning of the pancreas and 
other elements of the digestive system. 
An operation on the gastrointestinal 
tract of the pig is the same as the 
corresponding operation in a human 
subject; a given dose of a drug or other 
substance produces very nearly the 
same degree of response in a pig as it 
does in a man, and presumably the 
various digestive juices secreted by the 
pig are about the same in quantity and 
composition as those secreted by man. 
The pig's pancreatic juice is rich in en­
zymes. Pekas has found that the animal 
can be excited to a high rate of pancre­
atic secretion by a continuous infusion 
of secretin, the pancreas-stimulating 
hormone. Looking into the functioning 
of the young pig's pancreas, he has ob­
served that the animal sometimes shows 
a congenital failing, marked by ineffi­
cient metabolism of soybean protein, 
that parallels a similar disorder in hu­
man infants. 

Other investigators of the pig's gas­
trointestinal tract have discovered that 
it occasionally develops spontaneous 
ulcers similar to those in man. Experi­

menters at Purdue University have pro­
duced a high incidence of ulcers by 
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DOMESTICATED PIG has 33 chromosomes, arrayed here in four rows. This and the karyo. 

types helow are from the Agricultural Research Lahoratory of the University of Tennessee. 
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EUROPEAN WILD PIG has only 36 chromosomes. One pair that the domestic animal 

lacks is in the first row; two present in the domestic are missing in the second row. 
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HYBRID PIG has 37 chromosomes. Single chromosomes occupy each of the three 

karyotype positions in which either the domestic animal or the wild one lacked a pair. 
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feeding pigs gelatinized cereal products. 
In the course of the studies at Wash­

ington State University in which we 
tried but failed to raise pigs from birth 
without the mother we noticed that the 
pigs usually succumbed to infection. 
This fact and other observations sug­
gested to us, as it had to other investi­
gators, that the pig might be a good 
subject for studies of immunology. In 
recent years a number of investigators 
have found that the young pig is indeed 
uniquely suited for studies of the de­
velopment of immunity. 

A newborn pig has very little gam­
ma globulin (the principal antibody 
protein) in its serum. Apparently it ac­
quires gamma globulin and other im­
munoglobulins from its mother's colos­
trum when it begins to suckle. Diego 
Segre of the University of Illinois found 
that baby pigs deprived of colostrum 
remained deficient in gamma globulin 
for weeks and showed little of the nor­
mal antibody response to antigens. He 
concluded that colostrum provides the 
young with the basis for developing 
the immune mechanism. Experiment­
ing further, he found that colostrum­
deprived baby pigs acquired immuno­
logical capability when he injected an 
antigen together with a small amount 
of a specific antibody or large amounts 
of gamma globulin. These results sup­
ported t he theory that the antigen­
antibody complex, rather than the an­
tigen alone, is the usual stimulus for 
the production of an antibody. 

Somewhat different results emerged 
from experiments by Dennis W. Wat­
son, Y. B. Kim and S. Caylen Bradley 
at the University of Minnesota Medical 
School. They took infant pigs from the 
mother prematurely by surgery and 
kept them without colostrum and under 
germ-free conditions. The piglets proved 
to be completely free of any detectable 
immunoglobulins or antibodies. Yet 
these immunological "virgins," unlike 
SegnYs, showed an excellent ability to 
produce antibodies against antigens 
soon after birth. 

The development of the miniature pig 
proved invaluable for our studies of 

radiation effects at the Hanford Lab­
oratories. These studies were prompted 
by the need for detailed information 
about tolerances and treatment for peo­
ple exposed to radioactive substances. 
For such investigation the miniature 
pig has many useful characteristics as 
an experimental animal. Its body size 
and skeletal mass are about the same 
as man's; its general Similarity to hu­
man beings in diet and digestion per-
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mits meaningful tests of experimental 
diets; its life-span ( 15 to 20 years) is 
long enough to allow measurement of 
the effects of radiation in shortening 
life and in causing malignancies. 

One of the Hanford investigations, 
still under way, is exploring the effects 
of strontium 90, a long-lived and po­
tentially hazardous constituent of nu­
clear fallout, which is deposited princi­
pally in the bones. Strontium 90 at 
various levels of dosage is fed daily to 
experimental pigs. Leukemias have al­
ready developed in animals receiving the 
very high levels of dosage in the pro­
gram. No bone tumors have appeared 
as yet, but this form of malignancy is 
known to have a long latent period of 
development. 

Roger Mc Clellan and his associates at 
Hanford's successor laboratory, Battelle­
Northwest, extended the strontium-90 
studies to other radioactive substances 
that could be used in power generators 
with minimal hazard to man. Power 
generators of the thermoelectric type 
with radioactive isotopes as their energy 
source are being developed for small 
portable units on the earth and in space. 
An important factor in determining the 
safety of such devices is the extent to 
which the radioactive material in them 
would be taken up by the body if it 
were accidentally ingested. Mc Clellan 
found that when strontium in the form 
of a titanate is ingested into the pig's 
digestive tract, less than .5 percent is 
absorbed into the body. This is only 
about a tenth of the amount absorbed 
when more common chemical forms of 
strontium are ingested. Still smaller is 
the absorption of the radioactive sub­
stances cerium 144 and promethium 
147: less than .0 1 percent of the oral 

dose of those isotopes is absorbed into 
the pig's tissues. 

Our miniature pigs enabled other 
investigators at Hanford and Battelle­
Northwest to examine the toxic effects 
of plutonium and to test methods of 
treatment. It was found that certain 
chelating agents, including D T P A  (di­

ethylenetriaminepentaacetic acid), are 
effective in helping the body to elimi­
nate plutonium that has been absorbed. 

Using a standard breed of pig, the 
U.S. Navy Radiological Defense Lab­

oratory made detailed tests of the results 
of high doses of radiation. The investi­
gators found that the 50 percent lethal 
dose resulting in death within 30 days 
was 400 roentgens. Surprisingly, they 
also learned that a sublethal dose en­
dowed pigs with considerable resistance 
to later heavy exposure. After the ani­
mals had received a dose of about 265 

roentgens and had been allowed three 
weeks for partial recovery, it took a 
dose 70 percent greater than the usual 
one to cause a 50 percent death rate. 

The largest study utilizing swine in 
radiobiology is one that has been con­
ducted since 1959 at Iowa State Uni­
versity with Atomic Energy Commission 
support. D. F. Cox and his associates 
are measuring the effects of radiation on 
the fertility of male pigs and the genetic 
effects on their offspring. The standard 
procedure consists in giving the male's 
testes an X-ray dose of 300 roentgens 
and breeding the male later after germ 
cells subjected to the radiation have de­
veloped. As was expected, the irradia­
tion reduces the amount of sperm by 
about 20 percent; this does not, how­
ever, significantly impair the pig's re­
productive capacity. So far more than 
15,000 baby pigs have been sired by 

the irradiated males. In one of the 
breeds under test (the Duroc breed) a 
peculiar result has been noted: the 
litters fathered by irradiated males tend 
to be slightly larger than normal. This 
result was not observed in the Hamp­
shire breed. No explanation of the phe­
nomenon has yet been found. 

The Battelle-Northwest group has 
studied the effects of radiation on the 

karyotype (chromosome pattern) by ex­
amining the white blood cells of mini-

ature pigs fed radioactive strontium. 
Investigators in other laboratories have 
found the pig to be an exceptionally 
useful animal for analysis of the vari­
ous forms of chromosome in the cell 
nucleus. The domestic pig normally has 
38 chromosomes- 19 pairs. Six of these 

pairs have characteristic, readily identi­
fiable shapes, and the rest can be classi­
fied in small groups. R. A. Mc Feely of 
the University of Pennsylvania is mak­
ing a detailed study of abnormalities in 
pig chromosomes. This inquiry carries 
special interest because pigs have an 
extraordinarily high rate of embryonic 
death-about 30 to 40 percent-and it 
is known that chromosome aberrations 
are sometimes associated with embry­
onic death in human beings. 

Robert Murphree and A. F. Mc Fee of 
the Agricultural Research Laboratory 
of the University of Tennessee have 
found a distinctive complement of 
chromosomes in a pig resulting from a 
cross between a domesticated swine and 
a European wild sow. The parents have 
38 and 36 chromosomes respectively, 
and the offspring turns out to have an 
odd number: 37. Apparently it is com­
pletely fertile, and its chromosome num­
ber should be a good marker for re­
search purposes. This case of an odd 
number of chromosomes is not altogeth­
er unique: a cross between two breeds 
of European ponies has been known to 

ADAPTABILITY OF PIGS in experimental situations is shown by the response of a pair of 

normal pigs, raised from the same litter at the University of Cambridge, to different diets. 

They are a year old; the larger pig weighs more than 200 pounds, the underfed pig 11 pounds. 
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PROTECTIVE ROLE OF COLOSTRUM is demonstrated by the comparative rate of anti­

body production on the part of two piglets after injections of diphtheria toxin. The normally 

suckled animal (color) quickly produced antibodies but the animal that bad been deprived 

of its mother's colostrum by bottle-feeding from birth (black) was a late and low producer_ 

produce a fertile offspring with 65 
chromosomes. 

Among the institutions that have used 
our Hanford miniature pigs for research 
is the University of Oregon Dental 
Schoo!. There E. B. Jump, M. E. Wea­
ver and their associates have found the 
animal highly useful for studying dental 
problems. The pig's teeth are nearly the 
same size as man's (approximately a 
fourth larger) and are of the same types, 
consisting of molars and cutting teeth. 
Moreover, the general growth pattern 
is the same: the pig starts with decidu­
ous teeth and sheds them as its perma­
nent teeth develop. Hence the pig's 
mouth and jaw provide a model that 
makes possible experimental studies on 
many of the dental problems of chil­
dren. Douglas L. Buck and other Ore­
gon investigators have used it to look 
into the details of tooth growth and 
development, the basic movements of 
the teeth in biting and chewing and the 
functioning of orthodontic appliances. 

probably the ReId in which the pig 
will make its greatest contribution to 

human health and longevity is that of 
research on the heart and circulatory 
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system. In this area the parallels be­
tween the pig and man are striking, 
to say the least. The pig's rearing as an 
item for the table has produced an ani­
mal that is a counterpart, even a carica­
ture, of the overfed, physically lethargic 
human population. Coupled with this 
similarity of nurture and disposition is 
a porcine cardiovascular system that 
also is remarkably parallel to the human 
system. The pig's heart and coronary 
arteries, unlike the dog's, have much 
the same pattern as man's. Its blood­
clotting mechanism is like that of man. 

Investigators have found the pig par­
ticularly valuable for the study of 
atherosclerosis. H. C. Rowsell and his 
associates at the Ontario Veterinary 
College have used it to examine the 
effects of diet. Since the pig likes all 
man's foods (from peanuts and popcorn 
to a steady diet of eggs), Rowsell's 
group has tested pigs with high-choles­
terol diets, including foods such as eggs, 
butter and lard. They Rnd that in pigs 
such a diet indeed accelerates the de­
velopment of atherosclerosis, and the 
signs and symptoms of the disorder 
are like those in man. Rowsell also used 
the pig to test anticoagulant drugs 

administered in certain human cardio­
vascular diseases. He found that a small 
dose of dicumarol or heparin was worse 
than ineffective: it actually had a coagu­
lating effect on the blood. The Rnding 
emphasized the importance of proper 
dosage in the use of these drugs. 

D. K. Detweiler and Hans Lugin­
buhl at the University of Pennsylvania 
have been analyzing the progressive 
stages of the development of athero­
sclerosis. For this purpose they had the 
good fortune to gain access to a herd 
of 2,000 breeding sows of various ages 
that have been raised on garbage (that 
is, essentially a human diet). In these 
animals, ranging up to 14 years in age, 
they have made detailed analyses and 
tests of the atherosclerotic lesions, the 
blood vessels and the blood. At Iowa 
State University, Robert Getty, study­
ing the development of atherosclerosis 
from another point of view, has found 
that the characteristic deposits on the 
artery walls commonly start in the Rrst 
year of the pig's life and are present in 
most animals by the second year. 

G. D. Lumb and his associates at the 
Warner- Lambert Research Institute in 
Canada are studying how blood is sup­
plied to the heart under adverse condi­
tions. It is well known that when the 
major coronary arteries in man are part­
ly blocked or constricted, this stimulates 
the development of an auxiliary or sub­
stitute circulation to nourish the heart. 
Lumb's group, using a plastic constric­
tor to narrow the pig's coronary vessels 
gradually, demonstrated that the ani­
mal, like man, develops a bypass sys­
tem of circulation. Lumb also found 
that vessel-dilating drugs could improve 
the survival of pigs whose coronaries 
had been occluded. 

A joint group at the University of 
Colorado and Colorado State University 
( C. A. Maaske, N. H. Booth and T. W. 
Nielsen) is using the pig to study con­
gestive heart failure, a complex dis­
order that involves the functioning of 
the heart as a pump, the mechanisms 
controlling the heart and secondarily the 
functioning of the kidneys and lungs. 
They have found that the pig is a much 
better subject than the dog for an in­
vestigation of this matter. A single op­
eration on the pig's main pulmonary 
artery produces the symptoms of a 
gradual development of cardiac failure. 

All in all, although the pig is only a 
newcomer to the laboratories of basic 
biology, there can be little doubt that 
it will become, along with the primates, 
a most important contributor to knowl­
edge about the biology of man. 
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If it's a producer, 5 of our companies can get into the act. 
The petroleum industry is typical of the 
many process industries ITT supplies. 

Five ITT companies in the U.S. and 
Europe make or service what is needed. 
This includes valves, pumps, heat ex­
changers, actuators, flow tubes, meters 
and recorders, as well as microwave 
communications systems. 

Once out of the wellhead, petroleum 
takes a long trip. All along the way-

from pipeline to refinery to customer­
ITT devices and equipment meter, meas­
ure, pump and control the petroleum and 
its by-products. 

These devices and equipment are 
known by such brand names as Barton, 
General Controls, Hammel-Dahl, Henze, 
Marlow, Bell & Gossett. 

ITT microwave systems are used for 
voice, data, telemetry and supervisory-

control transmissions along pipelines, 
from offshore rigs and remote sites. 

ITT's broad-range capability for the 
growing needs of the process industries 
stretches into hundreds of fields-wher­
ever raw material is processed into a 
finished product. 

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

ITT 
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Bendix is the kind 
of company that spends 
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a lot of time saving 
other people's time. 

1n the fields we serve-aviation, oceanics, automation, automo­
tive, space, and missiles-results are often measured in terms of 
time. Minutes and seconds saved for more productive effort 
can often mean the difference between- profit and loss for a 
manufacturer-between success and failure for a space mission. 
This is why we put such a high priority upon saving time­
whether we're serving as creative engineers ... manufacturers 
, .. or professional problem-solvers for industry and government. 
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Cleaning time. Bendix Sonic Energy Cleaning Systems 
use powerful sound waves to micro-clean surgical instru­
ments automatically. Sonic systems are also used by 
industry to clean precision parts and assemblies. 

Fishing time. With Bendix Radar and Sonar aboard, 
commercial fishermen spend more time fishing and 
less time waiting for fog to lift, darkness to dissipate, 
and weather to clear. 

Your waiting time. About 60% of weather­
caused flight delays will be eliminated by the 
Bendix® All-Weather Landing System-first auto­
matic landing system to receive FAA certification. 

Maintenance time. The Bendix heavy-duty Positork® 
Starter Drive for diesel- and gasoline-powered trucks 
requires less maintenance than any other kind. Its unique 
design eliminates wear of internal parts. 

Inspection time. Bendix-Sheffield Cor­
dax* Measuring Machines inspect holes 
and surface locations in minutes instead 
of hours-with digital readout of dimen­
sions displayed to ± .0005 accuracy, 
* Trademark registration applied (or. 

�ncf� 
CORPORATION 

FISHER BUILDING, DETROIT 2. MICHIGAN 

WHERE IDEAS 
UNLOCK 
THE FUTURE 

CREATIVE ENGINEERING FOR: 0 AUTOMATION 0 SPACE 0 MISSILES 0 AVIATION 0 AUTOMOTIVE 0 OCEANICS 
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Elephant-hunting in North America 

Bones of elephants that vanished from the continent 10,000 years ago 

are found together with the projectile points early men used to kill 

the7n. Indeed, the hunters may have caused the elephants' extinction 

E
ePhant-hunting today is a special­
ized activity confined to a hand­
ful of professionals in parts of 

Africa and Asia; 11,000 years or so ago 
it provided a living for one of the earli­
est groups of humans to inhabit the 
New World. At that time hunting bands 
whose craftsmen made a particular kind 
of stone projectile point by the thou­
sands ranged across North America from 
the east coast to the west coast, as far 
north as Alaska and as far south as cen­
tral Mexico. Two generations ago such 
a statement would have been hard to 

by C. Vance Haynes, Jr. 

support. Since 1932, however, the ex­
cavation of no fewer than six stratified 
ancient sites of mammoth-hunting ac­
tivity in the western U.S. and the dis­
covery of scores of significant, if less 
firmly documented, sites elsewhere in 
North America have proved its validity 
beyond the possibility of challenge. It 
is the purpose of this article to present 
what we know of the lives of these 
mammoth-hunters and to suggest when 
they arrived in the New World. 

The first evidence that man had been . 

present in the New World much before 

AMERICAN ELEPHANTS were all of the genus Mammuthus. They included the woolly 

mammoth, which also ranged the Old World, and the imperial, confined to North 

America. This skeleton of one imperial variety, the Columbian, is 12 feet at the shoulder. 
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2000 B.C. touches only indirectly on the 
history of the mammoth-hunters. This 
was a discovery made near Folsom, 
N.M., by an expedition from the Den­
ver Museum of Natural History in 1926. 
Careful excavation that year and during 
the next two seasons uncovered 19 flint 
projectile points of unusual shape and 
workmanship lying 10 feet below the 
surface among the bones of 23 bison. 
The bison were of a species that paleon­
tologists had thought had been extinct 
for at least 10,000 years. The Denver 
Museum excavation at Folsom thus 
made it plain that as long ago as 8000 
B.C. hunters armed with a distinctive 
type of flint point had inhabited what 
is now the western U.S. The association 
of the projectile points with the bison 
bones made it almost certain that the 
bison were the hunters' prey; any 
doubts on this score were settled when 
Frank H. H. Roberts of the Smithsonian 
Institution, digging at the Lindenmeyer 
site in Colorado, found a Folsom point 
firmly lodged. in a bison vertebra. 

In 1932 a cloudburst near Dent, 
Colo., hastened the erosion of a gully 
near the South Platte River and ex­
posed a large concentration of mam­
moth bones. Investigators from the Den­
ver Museum went to work at the site; 
the bones proved to represent 11 imma­
ture female mammoths and one adult 
male. Along with the animal remains 
they found three flint projectile points 
and a number of boulders that were evi­
dently not native to the surrounding ac­
cumulation of silt. In the 1930's the 
carbon-14 technique of dating had not 
yet been invented, but the geologists in 
the party estimated that the Dent site 
was at least as old as the Folsom site 
and perhaps older. Certainly the pro­
jectile points found at Dent, although 
they bore a general resemblance to those 
found at Folsom, were cruder in work-
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manship. In any case, the excavation at 
Dent made it evident that early hunters 
in western North America had preyed 
not only on extinct bison but also on the 
mammoth. 

Beginning in 1934 John L. Cotter of 
the Academy of Natural Sciences in 
Philadelphia excavated a site known 
as Blackwater Draw near Clovis, N.M., 
which proved to contain the answer to 
the relative antiquity of the Folsom and 
Dent finds. In the Clovis sediments pro­
jectile points like those from Folsom 
were found in the upper strata associ­
ated with bison bones. Below these 
strata, associated with the remains of 
two mammoths, were four of the cruder, 
Dent-style projectile points and several 
flint tools of a kind that could have been 
used for butchering. Also found at 
Clovis was an entirely new kind of arti­
fact-a projectile point fashioned out of 
bone. At the completion of nearly two 
decades of work at the site by investi­
gators from the Philadelphia Academy 
and other institutions, students of New 
World prehistory were generally agreed 
that two separate groups of hunters had 
once inhabited western North America. 
The earlier group, using flint projectile 
points of the type found in the lower 
Clovis strata, had been primarily mam­
moth-hunters; the later group, using 
Folsom points, had been primarily 
bison-hunters. 

The most obvious characteristic that 
Clovis and Folsom points have in 

common is that they are "fluted." After 
the flint-knapper had roughed out the 
point's general shape he beveled its 
base; then, with a deft blow against the 
beveled base, he detached a long flake, 
leaving a channel that extended a third 
or more of the point's length [see illus­
tration at right.] The fluting, on one 
or both sides of the point, gave the 
point a hollow-ground appearance. It 
has been suggested that the flute chan­
nels facilitated the bleeding of the prey, 
as do the blood-gutters of a modern 
hunting knife. A more plausible expla­
nation is that the fluting made the point 
easier to fit into the split end of a wood­
en shaft. The assumption that the points 
were hafted in this manner is strength­
ened by the fact that their edges are 
generally dulled or ground smooth for 
a distance from the base about equal to 
the length of the flute channel. If a 
sinew lashing was used to mount the 
point in a split shaft, it would be man­
datory to have dull edges where the 
lashing was wrapped; otherwise the flint 
would cut through the taut sinew. 

To judge from the ease with which 

PROJECTILE POINTS used by early hunting groups in North America include one of 

bone (left) and one of flint (lower right) found near Clovis, N.M., in the mid·1930's. These 

artifacts were used to kill mammoths. The smaller flint point (upper right) was made by a 

later group that hunted bison. The first of these were found near Folsom, N.M., in 1926. 
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• CLOVIS KILL SITE o CAMP SITE 

ICE·FREE CORRIDOR in western Canada may have opened some 

12,00U years ago. The author suggests that the mammoth.hunters 

who made hoth the characteristically fluted flint projectile points and 
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the needle·like bone ones left the Bering Strait area earlier than 

that and reached the un glaciated part of North America some 11,500 

years ago. Symbols by the names distinguish among campsites, kill 
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... ISOLATED FINDS OF FLUTED FLINT POINTS 

sites and significant isolated finds. In the 

northeast Debert and Bull Brook probably 

include non·Clovis Paleo·Indian material. 

a few self-taught flint-knappers today 
can turn out a classic Clovis or Folsom 
point in a matter of minutes by striking 
raw flint with a "baton" of deer antler 
or hardwood, it is reasonable to believe 
that the early hunters also used this 
technique of baton percussion, at least 
in roughing out their points. There are 
even indications that such roughed-out 
blanks were produced at various flint 
quarries and then carried back to camp­
sites for the finishing touches. Detach­
ing the channel flake or flakes was obvi­
ously the crucial step; once successfully 
fluted, the point was finished by sharp­
ening the tip, trimming the edges ei­
ther by rasping or by pressure-flaking, 
and dulling the lower edges where the 
lashing would be wrapped around. If 
the tip of a point broke off, the point 
might be sharpened again [see top 
illustration on page 109]. 

Although the points from any one 
site exhibit a considerable range in size 
and appearance, it is usually not dif­
ficult to distinguish between Folsom and 
Clovis points. The fluting of a Folsom 
point is typically a single channel that 
extends all the way to the tip of the 
point or nearly so, and the edges of the 
point are delicately chipped. A Clovis 
point is typically larger, with coarsely 
chipped edges; usually more than one 
flake has been removed to produce the 
flute channel and these have "broken 
out" less than halfway to the tip in 
what is called a "hinge" fracture. In 
some cases the hinge fracture broke in­
ward rather than outward, snapping the 
unfinished point in half. If early man 
used profane language, such an incident 
must surely have inspired an epithet or 
two. 

Carbon-14 dating has now established 
the antiquity of four of the six sites 

in which mammoth bones are associated 
with Clovis points. Two of the sites are 
Clovis itself and Dent; the others are 
Domebo Canyon in Oklahoma, where a 
single mammoth was found together 
with three Clovis points and an assem­
bly of flint butchering tools, and Lehner 
Ranch Arroyo in New Mexico, where 
among the bones of nine immature 
mammoths Emil Haury of the Arizona 
State Museum uncovered 13 Clovis 
points and eight butchering tools in 
1955 and 1956. It was charcoal from a 
campfire hearth at the Lehner site that 
in 1959 yielded the first Clovis carbon-
14 dates to be determined; they aver­
aged 11,260 ± 360 years before the 
present, or a little earlier than 9000 B.C. 
The carbon-14 dates from Dent, Clovis 
and Domebo fall in this same time in-

terval, as do the dates of two other early 
sites in the western U.S. that may or 
may not have Clovis connections. These 
are Union Pacific, Wyo., where mam­
moth bones and flint tools are found, 
and Ventana Cave in Arizona, which 
has no mammoth remains. The other 
two stratified Clovis sites that contain 
mammoth bones-Miami in the Texas 
Panhandle and Naco, Ariz., where 
Haury and his associates uncovered the 
bones of a single mammoth in 1951 with 
five out of eight Clovis points concen­
trated in its chest area-have not beei1 
dated by the carbon-14 method. 

These and other carbon-14 determi­
nations, together with geological analy­
ses, have established a general frame­
work for North American prehistory in 
the Rocky Mountains, the Great Plains 
and the Southwest. The earliest period 
ends about 10,000 B.C.; its fossil fauna 
include the mammoth and extinct spe­
cies of camel, horse and bison, but there 
are no artifacts associated with their re­
mains that positively indicate man's 
presence. There follows a gap of about 
500 years for which information is lack­
ing. In the next period, between 9500 
and 9000 B.C., the early fauna is still 
present and Clovis projectile points are 
frequently found in association with 
mammoth remains. In the following 
period, between 9000 and 8000 B.C., 
mammoth, camel and horse have all 
disappeared; only the extinct bison spe­
cies remains, and the artifacts found 
among the bison bones include Folsom 
projectile points rather than Clovis. The 
next cultural complexes overlap Folsom 
somewhat and are dated between 8500 
and 7000 B.C. Several sites in this span 
of time are assigned to the Agate Basin 
complex. Finally, between 7000 and 
6000 B.C., the Agate Basin complex is 
replaced by the Cody complex. These 
later "Paleo-Indian" cultures do not con­
cern us. What is interesting is that, in 
spite of their wide geographical dis­
tribution, all the dated Clovis sites ap­
parently belong to the same relatively 
narrow span of time. 

�though the Clovis sites mentioned 
.L thus far are all in the western U.S., 
it would be a mistake to think that the 
mammoth-hunters were confined to that 
part of North America. Clovis points 
have been found in every one of the 
mainland states of the U.S. and there 
are more Clovis points at any one of 
three eastern sites than at all the strati­
fied western sites combined. The trou­
ble is that, with a very few exceptions, 
the eastern Clovis artifacts are found 
on the surface or only inches below the 
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surface; it is impossible to assign dates 
to them with any degree of reliability. 
An example of the complexity of the 
problem is provided by the Williamson 
site near Dinwiddie, Va., where Clovis 
points and Civil War bullets are found 
side by side in the same plowed field. 

In spite of the problem of dating the 
eastern discoveries, no grasp of the 
vigor and extent of the mammoth-hunt­
ers' culture is possible without con­
sideration of its maximum range. In 
addition to the sites in the western 
U.S. already mentioned, Clovis pOints­
flaked from obsidian rather than flint­
have been unearthed at Borax Lake, a 
site north of San Francisco. Here, un­
fortunately, the stratigraphy is disturbed 
and artifacts of various ages are mixed 

together. Another western Clovis site is 
near Tonopah, Nev., where fluted points 
were found on the surface around a dry 
lake, together with flint scrapers, grav­
ers and perforators. Neither the site nor 
the artifacts have been described in de­
tail, however, and the Tonopah material 
is not available for study. (It is in a 
private collection.) 

Projectile points made of bone and 
ivory, nearly identical with the ones 
found at Clovis, have also been found 
elsewhere in the vVest. Two come from 
deposits of muck in central Alaska that 
contain mammoth bones. Unfortunately 
the Alaskan muck is notorious for its 
mixed stratigraphy, and the relative 
ages of artifacts and animal remains in 
it are not easily determined. The other 

bone points have been found at Klamath 
Lake in California, in deposits as yet 
undated. These deposits also contain 
mammoth bones, but the artifacts and 
animal remains are not in direct asso­
ciation. 

In the eastern U.S. large numbers of 
similar bone points have been found 
underwater at two locations in Florida: 
the Itchtucknee River and Wakula 
Spring. The latter site has also yielded 
mammoth remains. Something of the 
difficulty facing investigators who wish 
to assign dates to such underwater dis­
coveries as the 600 bone points from 
Wakula Spring can be appreciated 
when one considers that the same six­
foot stretch of sandy bottom may yield 
a bone point, a mammoth tooth and a 

SEQUENCE OF DEPOSITS at a hypothetical valley site shows 

how a sediment-filled river valley (J) was inhabited by the Clovis 

mammoth-hunters (2). Dates are given in number of years before 

the present. Next (3) the Clovis valley sites are covered by fresh 

sediments on which the later Folsom bison-hunters camped. Both 

the Clovis and the Folsom campsites on the terrace above the val­

ley escape burial; surface sites of this kind are difficult to date_ 

Later cycles of erosion and deposit (4 and 5) leave the Clovis and 

Folsom valley sites deeply buried. Finally (6), today's situation is 

shown; erosion has now bared two superposed kill sites (center). 
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soft-drink bottle. The prospect of dating 
the abundant Clovis finds elsewhere in 
the East is in most instances not much 
brighter. Nevertheless, thanks to ama­
teur archaeologists who have taken 
pains to report the exact location of 
their surface discoveries, it is now ap­
parent that the greatest concentration 
of fluted projectile points is centered on 
Ohio, Kentucky and Tennessee. vVhen 
the places in which Clovis points have 
been discovered are plotted on a map, 
the distribution of the points corre­
sponds closely to that of mammoth 
fossils and those of the other New 
World proboscid, the mastodon. 

The curious fact remains that, with 
one possible exception, no Clovis pOint 
in the eastern U.S. has ever been found 
in association with animal bones. The 
possible exception is a Clovis point 
found in 1898 at Big Bone Lick in Ken­
tucky, where mammoth bones have also 
been uncovered. At the time, of course, 
the point was not recognized for what it 
was, and there is no evidence that the 
point was found in association with the 
mammoth bones. 

The major surface discoveries of Clo­
vis artifacts in eastern North Amer­

ica have been made at the Williamson 
site in Virginia, at the Shoop site near 
Harrisburg, Pa., at the Quad site in 
northern Alabama and at Wells Creek 
Crater in Tennessee [see illustration on 
pages 106 and 107]. To judge from the 
hundreds of Clovis points and thou­
sands of other flint tools that have been 
picked up at these locations, each must 
represent a large campsite. 

The same is probably true of Bull 
Brook near Ipswich, Mass.; hundreds of 
fluted points from this site have been 
analyzed by Douglas S. Byers of the 
R. S. Peabody Foundation in Andover, 
Mass. Unfortunately the stratigraphy at 
Bull Brook is disturbed. No campfire 
hearths or clear-cut levels of human 
habitation are known; four charcoal 
samples that may or may not be associ­
ated with the flint points yield carbon-
14 dates that range from 4990 ± 800 
B.C. to 7350 ± 400 B.C. It is evident 
that the Bull Brook deposits cover a 
considerable span of time. 

The only other significant stratified 
site in eastern North America that has 
yielded carbon-14 dates is near D�bert 
in the Canadian province of Nova 
Scotia. Debert is being studied by in­
vestigators from the R. S. Peabody 
Foundation and the National Museum 
of Canada. Here fluted projectile points 
have been found that are neither Clovis 
nor Folsom in style. The average of 

CHARACTERISTIC DIFFERENCES between Folsom ("a" and "b"j and Clovis ("c" and 

"d"j projectile points include tbe Folsom point's long neat flute scar, produced by the de· 

tachment of a single flake, and the delicate chipping of its cutting edges. Clovis points tend 

to be coarser and larger; flute scars are short and often show the detachment of more than 

one flake. The shorter of the Folsom points may have been repointed after its tip broke off. 

b 

a 

STONE TOOLS found at the Lehner site in New Mexico include keeled scrapers (aj and 

a variety of sidescrapers ("b," "c" and "d"j. The latter were made from large flakes of flint 

knapped on one side. Choppers suitable for butchering were also found at this Clovis site. 
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carbon-14 dates at Debert is 8633 ± 
470 B.C., or roughly 1,000 years later 
than the Clovis sites in the western u.s. 

East or west, buried or exposed, most 
Clovis discoveries can be classified ei­
ther as campsites or sites where animals 
were killed. A campsite is characterized 
by the presence of a wide variety of 
flint implements in addition to fluted 
points. A kill site is characterized by 
the presence of animal bones together 
with fluted points and a few flint butch­
ering tools or no other tools at all. Re­
cent excavations at Clovis itself indicate 
that the area around an extinct lake that 
attracted game to the site was used by 
the mammoth-hunters for both killing 
and camping. Not only butchering tools 
but also flint scrapers, gravers and 
knives have been discovered in the 
lower strata of the Clovis site. Apart 
from Clovis, however, the only other 
campsites in the western u.s. appear to 
be Tonopah, with its mixture of points 
and other artifacts, and Borax Lake. 

Fortunately the major Clovis sites in 
the eastern u.s. provide abundant evi­
dence of camp life. Some contain liter­
ally thousands of flint implements in 
addition to the characteristic fluted 
points; these include choppers, gravers, 
perforators, scrapers and knives made 
out of flint flakes. The locations of these 
sites show the kind of place the mam­
moth-hunters preferred as a camp. 
Shoop, Williamson, Quad and Wells 
Creek Crater are all on high ground, 
such as a stream-cut terrace or a ridge, 
overlooking the floodplain of a river or 
creek. 

kalysis of the kill sites, in turn, re-
veals something about the Clovis 

people's hunting techniques, although 
many questions remain unanswered. 
The number of points found with each 
kill, for example, is inconsistent. At the 
Dent site only three Clovis points were 
found among the remains of a dozen 
mammoths. At Naco the skeleton of a 

single mammoth was associated with 
eight points. One interpretation of this 
seeming contradiction is that the Naco 
mammoth may have been one that got 
away, escaping its hunters to die alone 
some time after it was attacked. The 12 
mammoths at Dent, according to the 
same interpretation, were butchered on 
the spot and the hunters recovered most 
of their weapons. One piece of negative 
evidence in support of this interpreta­
tion is that no butchering tools were 
found at Naco. Such tools, however, are 
also absent from Dent. 

The Dent site affords a reasonably 
clear picture of one hunt. The mam­
moth bones were concentrated at the 
mouth of a small gully where an inter­
mittent stream emerges from a sand­
stone bluff to join the South Platte 
River. It seems plausible that here the 
Clovis hunters had stampeded a mam­
moth herd over the edge of the bluff. 
Some of the animals may have been 
killed by the fall; o!hers may have es-

STAMPEDED MAMMOTHS were unearthed near Dent, Colo., in 

1932 by workers from the Denver Museum of Natural History. 

Among the bones of II immature female elephants and one adult 

male elephant they found several boulders and three typical Clovis 

projectile points. Photographed at the site were (left to right) Rev. 

Conrad Bilgery, SJ., an unidentified Regis College student, two 

Denver Museum trustees (W. C. Mead and C. H. Hanington) and 

Frederick Howarter of the museum's paleontology department. 

1 10 

© 1966 SCIENTIFIC AMERICAN, INC



caped. Those that were too badly hurt 
to fight free of the narrow gully may 
then have been stunned with boulders­
an assumption that helps to explain the 
presence of these misplaced stones 
among the mammoth bones-and finally 
dispatched with spear thrusts. The bag 
of 11 cows and one bull would have 
constituted a highly successful day's 
work, but it may also have been the 
result of several hunts. 

All six mammoths found at Clovis 
could also have been taken by stamped­
ing a herd, in this case into shallow 
water where the footing was treacher­
ous. 'Whether this actually happened, or 
whether the animals were simply sur­
prised while watering, is impossible to 
determine. Clovis nonetheless affords a 
tantalizing glimpse into another of the 
mammoth-hunters' thought processes. 
One of the springs that fed the lake con­
tains hundreds of Bint Bakes and a num­
ber of intact Bint tools, including three 
Clovis points. Did the ancient hunters 
deliberately toss waste chips and usable 
artifacts into the spring? If not, how 
did these objects accumulate? 

The concept of cutting a herd-sepa­
rating the young and less dangerous 
animals from the more formidable 
adults-may be what is demonstrated by 
the remains at the Lehner site, where 
all nine mammoths were immature or 
even nurslings. At Lehner, as at Dome­
bo (where only a single adult was 
killed), the animals apparently had been 
attacked while watering along a spring­
fed stream. 

�though the way in which the hunters' 
Buted projectile points were mount­

ed seems clear, the kind of haft on 
which they were mounted remains un­
known. That the points were used as 
arrowheads seems unlikely; the bow 
reached the New World or was inde­
pendently invented there at a much 
later date. The Clovis points must 
therefore have been mounted on spears 
or darts. Whether launched from the 
hand or propelled by a spear-thrower, 
neither may have been a weapon of 
much effectiveness against an infuri­
ated mammoth. It seems possible that, 
when the prey showed fight, most of the 
hunters devoted their efforts to keeping 
the mammoth at bay while a daring in­
dividual or two rushed in to drive a 
spear home to its heart from behind the 
foreleg. 

The analysis of kill sites provides one 
further fact about the Clovis hunters. 
Although they were evidently special­
ists in the pursuit of mammoths, they 
were not unwilling to take other kinds 
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of quarry. At two of the sites-Clovis 
and Lehner-bison bones are also found. 

The Buted projectile point is a highly 
specialized artifact that must have 
passed through a considerable period 
of development, yet no precursors are 
known in the New World or elsewhere. 
Obviously the archaeological record is 
incomplete, and perhaps it will remain 
so. For the time being, however, this 
absence of evident precursors suggests 
that the Clovis people arrived in the 
New World, already equipped with their 
specialized tool kit, between 12,000 and 
13,000 years ago. Carbon-14 dates ob­
tained during the past 15 years have 
built up a reasonably consisten t picture 
of the way in which the New World was 
peopled during the final stages of the 
Pleistocene ice age. When the most 
recent glacial period was at its peak, 
14,000 to 20,000 years ago, a large 
portion of the earth's water supply was 
stored in the Northern Hemisphere's 
ice sheets. The so-called land bridge 
between Alaska and Siberia in the area 
of the Bering Strait, exposed by the low 
level of the earth's oceans at that time, 
was no narrow isthmus but a broad 
land mass joining Asia and North 
America in a single continent. 

The Bering land mass, however, was 
not a thoroughfare from the Old World 

to the whole of the New. The Cordille­
ran ice cap covered the Canadian Rock­
ies from Vancouver to eastern Alaska, 
and the Laurentide ice cap covered most 
of the rest of Canada and much of the 
northern U.S. These two glacial forma­
tions merged at the foot of the Canadian 
Rockies, leaving central Alaska, the 
Bering land mass and eastern Siberia 
unglaciated but cut off from the more 
southerly Americas by an ice barrier. 

A little more than 12,000 years ago 
there occurred a marked period of gla­
cial retreat known as the Two Creeks 
interval. Carbon-14 dates indicate that 
the warm interval came to an end 
scarcely more than a century or two 
later, or about 9900 B.C.; another gla­
cial advance began soon thereafter. As 
we have seen, Clovis points make their 
first appearance in western North 
America in 9500 B.C., or roughly half a 
millennium after the Two Creeks inter­
val. A tenable hypothesis connecting 
the two events is that the Two Creeks 
glacial retreat opened a trans-Canadian 
corridor between the Cordilleran and 
the Laurentide ice caps. The progenitors 
of the Clovis people, confined until then 
to central Alaska but already specialists 
in big-game hunting, could thus make 
their way down an ice-free corridor into 
a world where big game abounded and 
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ELEMENTS OF 
CLOUD PHYSICS 
by Horace Robert Byers 

This authoritative text for ad­
vanced students of meteorol­
ogy gives the physicochemical 
background of the formation, 
growth, and evaporation of 
cloud water drops and ice 
particles. $7.50 

......•...... 

PHYSICAL CLIMATOLOGY 
by William D. Sellers 

Looks at the manifestations of 
climate as energy transforma� 
tions, primarily at the bound� 
ary between the atmosphere 
.a n d  t h e  e a r t h's s u r f ace. 
" ... will make a very fine text 
for senior and incipient gradu­
ate students for a one semester 
course ... a good modern ref� 
erence for workers in the vari­
ous fields of ecology who have 
an interest in climate." - Sci­
ence Magazine. $7.50 

......•...... 

LECTURES ON GEOLOGY 

Including Hydrography, Mineral­
ogy, and Meteorology with an In­
troduction to Biology 
by John Walker. Edited with 
Notes and an Introduction by 
Harold W. Scott. 

If James Hutton, John Play­
fair, Sir James Hall and Rob­
ert Jameson were the fathers 
of geology - then J ohn Walker 
was its grandfather. This re­
markable man taught all of 
them but Hutton, at the Uni­
versity of Edinburgh. He dis­
carded the academic concepts 
of ancient and medieval times 
and organized the known facts 
into the study now called geol­
ogy. The publication of these 
lectures, unearthed by Harold 
W. Scott in the library of the 
University of Edinburgh, is 
an important discovery in the 
history of science. $8.50 

......•...... 

Inquire at your bookstore 
UNIVERSITY OF .;CJ; 
CHICAGO PRESS � 
5750 Ellis Avenue � Chicago, Illinois 60637 Yl(.iP 
Chicauo and London. In Canada: 
The University of Toronto Pres8 

CLOVIS BONE POINT, partly cleared of surrounding matrix at lower right, lies in direct 

association with the bones of a mammoth foreleg. Unearthed at Clovis, this evidence of 

early man's hunting ability is displayed at the Philadelphia Academy of Natural Sciences. 

had scarcely been hunted until that time. 
This, of course, is no more than a 

hypothesis, but it is a useful one on 
two counts. First, it provides a logical 
explanation for the abrupt appearance 
of Clovis points in North America at 
about 9500 B.C. Second, it is easily 
tested. All that is needed to destroy 
the Two Creeks hypothesis, for exam­
ple, is the discovery of a Clovis site 
more than 12,000 years old located 
south of the ice sheet. Thus far no such 
Clovis site has been found. Meanwhile 
the Two Creeks hypothesis can also be 
tested indirectly in demographic terms. 

.ksuming that the Rrst Clovis people 
passed through northwestern Can­

ada some 12,000 years ago, they would 
have had to travel at the rate of four 
miles a year to reach the most southerly 
of their western U.S. sites, 2,000 miles 
away, within 500 years. Is such a rate 
of human diffusion realistic? Edward S. 
Deevey, Jr., of Yale University has noted 
that, under conditions of maximal in­
crease in an environment empty of com­
petitors, mankind's best efforts produce 
a population increase by a factor of 1.4 
in each 28-year generation [see "The 
Human Population," by Edward S. 
Deevey, Jr.; SCIENTIFIC AMERICAN, Sep­
tember, 1960]. James Fitting of the 
University of Michigan has recently in­
vestigated a prehistoric hunting camp 
in Michigan; he suggests that Paleo­
Indian family hunting bands numbered 
between 30 and 60 individuals. 

Making conservative use of these 
Rndings, I have assumed that the Rrst 
and only Clovis band to pass down the 
corridor opened by the Two Creeks in­
terval numbered about 30, say Rve fam­
ilies averaging six persons each: two 
grandparents, two parents and two off­
spring. I have assumed further that one 
in four knew how to knap flint and pro­
duced Clovis points at the rate of Rve a 
month. In case Deevey's growth factor 
of 1.4 is too high, I have also made my 
calculation with a smaller factor-1.2-
on the grounds that a plausible extrap­
olation probably lies somewhere be­
tween the two. 

Applying these production rates, I 
Rnd that in 500 years an original band 
of 30 mammoth-hunters evolves into a 
population numbering between 800 
and 12,500, comprised of 26 to 425 
hunting bands. In the same 500 years 
the bands' flint-knappers will have 
made-and left scattered across the 
land-between two million and 14 mil­
lion Clovis points. Assuming that the 
demographic model is a reasonable one, 
the Clovis hunters could easily have 
spread across North America from coast 
to coast in the brief span of time allotted 
to them. Indeed, if the higher Rgure is in 
any way realistic, the rapid increase in 
the number of mammoth-hunters could 
easily be one of the main reasons why 
these animals became extinct in North 
America sometime around 9000 B.C., 
leaving the succeeding Folsom hunters 
with no larger prey than bison. 
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A WORLD OF EXPERIENCE IN QUALITY 

. 1 
t 

Collins� first environmental test lab 

The time is 1934. 

The place is near the South Pole. 

The tent houses Admiral Richard Byrd's 

Communication Center - equipped with 

Collins' Radios. 

The temperature is -82°F. 

Communication with the outside world 

is reliable and consistent. 

Today, of course, the environmental testing facilities 

are much more sophisticated. 

But the results are just the same. 

� 
COLLI:\,S 

� 
COMMUNICATION / COMPUTATION / CONTROL 

COLLINS RADIO COMPANY / DALLAS, TEXAS· CEDAR RAPIDS, IOWA' NEWPORT BEACH, CALIFORNIA' TORONTO, ONTARIO 
Bangkok' Beirut· Frankfurt· Hong Kong' Kuala Lumpur' Los Angeles' London · Melbourne' Mexico City' New York· Paris' Rome' Washington ' Wellington 
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MATHEMATICAL GAMES 
The persistence (and futility) 
of efforts to trisect the angle 

by Martin Gardner 

T
wo of the first compass-and­
straightedge constructions a child 
learns in plane geometry are the 

bisection of an angle and the division of 
a line segment into any desired number 
of equal parts. Both are so easy to do 
that many pupils find it hard to believe 

o 

there is no way in which the two in­
struments can be used to trisect an 
angle. Indeed, it is usually the student 
who is most gifted mathematically who 
takes this as a challenge and immedi­
ately sets to work trying to prove the 
teacher wrong. 

Something like this happened among 
mathematicians in the "childhood" of 
geometry. As far back as the fifth cen­
tury B.C. geometers devoted a large 
share of their time to searching for a 

B 

H ow to trisect a right angle 

116 

way of using straight lines and circles 
to obtain an intersection point that 
would trisect any given angle. They 
knew, of course, that certain angles 
could be trisected. The right angle, for 
instance, is ridiculously easy. One has 
only to draw the arc AB [see illustration 
on this page] and then, without altering 
the compass opening, place the compass 
point at B and draw an arc that intersects 
the other arc at C. The line from 0 
through C trisects the right angle. (Read­
ers are invited to brush up on their plane 
geometry by proving the trisections men­
tioned in this article. All have simple 
proofs.) The 60-degree angle in turn tri­
sects the straight angle of 180 degrees, 
and by bisecting the 30-degree angle 
one obtains the angle that trisects the 
45-degree angle. An infinity of special 
angles obviously can be trisected under 
the classical restraints, but what the 
Greek geometers wanted was a general 
method applicable to any given angle. 
Together with doubling the cube and 
squaring the circle, finding it became 
one of the three great construction prob­
lems of ancient geometry. 

It was not until 1837 that a French 
mathematical journal published the first 
completely rigorous proof, by P. L. 
Wantzel, of the impossibility of trisec­
tion. His proof is much too technical to 
explain here, but the following remarks 
suggest its main lines. (The fullest and 
best nontechnical exposition of such a 
proof can be found in What Is Mathe­
matics?, by Richard Courant and Her­
bert Robbins, pages 127-138. ) Con­
sider a 60-degree angle with its vertex 
at the origin of a Cartesian coordinate 
plane [see illustration at top of opposite 
page]. Draw a circle with its center at 0 
and assume that the circle's radius is 1. 
The trisecting line of the 60-degree angle 
will intersect this circle at A. Is it pos­
sible, using only compass and straight­
edge, to locate point A? If not, at least 
one angle cannot be trisected and there­
fore there will be no general method. 

Because straight lines on the Car­
tesian plane are graphs of linear equa­
tions and circles are graphs of quadratic 
equations, it can be shown that there 
are five, and only five, operations that 
can be performed on given line seg­
ments by using only a compass and 
straightedge. The segments can be add­
ed, subtracted, multiplied and divided, 
and their square roots can be extracted. 
Given any line segment n, one can use 
compass and straightedge to find the 
square root of n. The same operation 
can be repeated on the square root of 
n to obtain its square root, which is the 
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same as the fourth root of n. Thus by 
repeating the operation of square root 
extraction a finite number of times one 
can find any root in the doubling series 
2, 4, 8, 16 . . .  It is not possible, with 
compass and straightedge, to find the 
cubic root of any line segment, be­
cause 3 is not a power of 2. All of this, 
together with arguments in analytic 
geometry and the algebra of what are 
called "number fields," establishes that 
the only "constructible" points on the 
plane are those with x and y coordinates 
that are the real roots of a certain type 
of equation. It must be an algebraic 
equation that is irreducible (cannot be 
factored into expressions with lower 
exponents), has rational coefficients and 
is of a degree that is a power of 2, that 
is, with its highest exponent in the 2, 4, 
8 . . .  doubling series. 

Consider now the x coordinate of 
point A in the top illustration at the right, 
the point that trisects the 60-degree an­
gle. It measures the base of a right tri­
angle whose hypotenuse is 1, and so it is 
equal to the cosine of 20 degrees. A bit of 
juggling with some simple trigonometric 
formulas shows that this cosine is the ir­
rational root of an irreducible cubic 
equation: 8x3 - 6 = 1. The equation is 
of degree 3, therefore point A is not con­
structible. Since there is no way to find 
point A with compass and straightedge, 
the 60-degree angle cannot be trisected 
under the classic restrictions. Similar ar­
guments prove there are no general 
methods by which compass and straight­
edge can divide any given angle into 
fifths, sixths, sevenths, ninths, tenths or 
any other number of equal parts not in 
the 2, 4, 8, 16. . .  series. Among the 
infinity of angles that can be trisected 
are those equal in degrees to 360/n 
where n is an integer not evenly divisi­
ble by 3. Among the infinity that cannot 
be trisected are those equal to 360/n 
where n is an integer divisible by 3. 
An angle of 9 degrees can be trisected. 
Its trisector, the 3-degree angle, can­
not-which is the same as saying that 
there is no way to construct a unit 
angle with compass and straightedge. 
Nor can a 2-degree angle be constructed. 

There are, of course, many ways to 
trisect the angle approximately. One of 
the simplest (given by Hugo Steinhaus 
in his Mathematical Snapshots) is ap­
plied to a 60-degree angle in the bottom 
illustration at the right. First the angle is 
bisected, then a chord of a half-angle 
is trisected. This provides a point for 
trisecting the original angle with an 
error less than the inevitable inaccuracy 
that occurs in the drawing. Dozens of 

y 
COSINE OF 20° 

Point A is not "constructible" with compass and straightedge 

A simple way to (almost) trisect any angle 
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still better approximations have been 
published, but most of them require 
considerably more work. 

Absolutely precise trisections are 
achieved only by breaking one of the 
traditional restraints. Many noncircular 
curves such as the hyperbola and pa­
rabola will produce perfect trisections. 
Other methods assume an infinite num­
ber of construction steps with the tri­
secting line as a limit. The simplest 
way, however, to evade the restraints is 
to mark two points on the straightedge. 
This can even be done without actually 
putting marks on it: by using the ends 
of the straightedge to mark a line seg­
ment, by using its width or merely by 
pressing the legs of the compass firmly 
against the edge. One of the best tri­
sections obtainable by this kind of 
cheating is found in the writings of 
Archimedes. The angle to be trisected 
is AED in the illustration above. Draw 
a semicircle as shown, then extend 
DE to the right. With the compass still 
open to the semicircle's radius, DE, 
hold the legs against the straightedge 
and place the straightedge so that it 
passes through point A. Adjust the 
straightedge until the points marked on 
it by the legs of the compass intersect 
the semicircle and its extended base at 
points Band C. In other words, make 
BC equal to the radius. The arc BF is 
now exactly one-third of the arc AD. 

A great variety of curious mechanical 
devices have been invented for angle­
trisecting. (Twenty are pictured in the 
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Archimedes' method 0/ trisection by cheatillg 

standard Italian work on recreational 
mathematics, Matematica Dilettevole e 
Curiosa, by Italo Ghersi, current edi­
tion, pages 476-489.) As Leo Mosel', a 
University of Alberta mathematician, 
once pointed out in an article, the ordi­
nary watch is such an instrument. If the 
minute hand is moved over an arc equal 
to four times the angle to be trisected, 
the hour hand moves through an arc 
that is one-third the given angle. A 
whimsical linkage designed by Alfred 
Bray Kempe, a London lawyer, is based 
on theorems involving crossed parallelo­
grams-parallelograms "folded" so that 
two opposite sides cross [see top illus­
tration on opposite page]. The three 
crossed parallelograms in the linkage are 
similar. A long side of the smallest is 
a short side of the middle one, a long 
side of which is in turn a short side 
of the largest one. The device trisects 
automatically, as shown. The principle 
can be extended, by adding more 
crossed parallelograms, to make an in­
strument that will divide angles into 
any desired number of equal parts. 

An easy-to-make cardboard trisecting 
device called the "tomahawk" has no 
moving parts, requires no preliminary 
construction lines and is unconditional­
ly guaranteed to trisect instantly and 
accurately [see bottom illustration on op­
posite page]. Its top edge AD is cut into 
thirds by points Band C. The curved 
edge is the arc of a semicircle with a ra­
dius AB. The tomahawk is placed with 
corner D on one arm of the angle, the 

semicircle tangent to the other arm and 
the right edge of its handle crossing the 
angle's vertex. Points B and C trisect 
the angle. If an angle is too acute for 
the tomahawk to fit, you can always 
double it one or more times until it is 
large enough, trisect the larger angle, 
then halve the result as many times as 
you doubled it. 

Although the proof of trisection im­
possibility by compass and straightedge 
is completely convincing to anyone who 
understands it, there are still amateur 
mathematicians all over the world who 
delude themselves into believing they 
have discovered a method that meets 
the classic requirements. The typical 
angle-trisector is someone who knows 
just enough plane geometry to work out 
a procedure but not enough to follow 
the impossibility proof or to detect the 
flaw in his own method. His trisection 
is often so complicated, and his proof 
has so many steps, that it is not easy 
for even the expert geometer to find 
the errol' that is certain to be there. 
Professional mathematicians are always 
being favored with such proofs. Since 
it is both time-consuming and unre­
warding to search for errors, they usual­
ly mail the material back quickly with­
out trying to analyze it. This invariably 
confirms the trisector's suspicion that 
the professionals are engaged in an or­
ganized conspiracy to prevent his great 
discovery from becoming known. After 
his method has been rejected by all the 
mathematical journals to which he sends 
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it, he often explains it in a book or 
pamphlet printed at his own expense. 
Sometimes he describes his method in 
an advertisement in a local newspaper, 
adding that his manuscript has been 
properly notarized. 

The last amateur mathematician to 
be given widespread publicity in the 
U. S. for angle-trisecting was the Very 
Reverend Jeremiah Joseph Callahan. In 
1931, when he was president of Du­
quesne University in Pittsburgh, he an­
nounced that he had solved the trisec­
tion problem. The United Press sent out 
a long wire story, written by Father 
Callahan himself. Time ran his picture 
with a favorable account of his revolu­
tionary discovery. (That same year Fa­
ther Callahan published a 310-page 
book called Euclid or Einstein, in which 
he demolished relativity theory by prov­
ing Euclid's famous pDrallel postulate, 
thereby showing the absurdity of the 
non-Euclidean geometry on which gen­
eral relativity is based.) Reporters and 
laymen expressed shock when the es­
tablishment mathematicians, without 
even waiting to see Father Callahan's 
construction, declared unequivocally 
that it could not be correct. Finally, at 
the end of the year, Duquesne pub­
lished Father Callahan's booklet The 
Trisection of the Angle. "The mathema­
ticians were right," says mathematician 
Irving Adler, who tells the story in his 
entertaining book Monkey Business. 
"Callahan had not trisected the angle." 
He had in effect merely taken an angle, 
tripled it, then found the original angle 
again. 

On June 3, 1960, the Honorable Dan­
iel K. Inouye, then a representative 
from Hawaii, read into the Congres­
sional Record (Appendix, pages A4733-
A4734) of the 86th Congress a long 
tribute to Maurice Kidjel, a Honolulu 
portrait artist who has not only trisected 
the angle but also squared the circle 
and duplicated the cube. Kidjel and 
Kenneth "V. K. Young have written a 
book about it called The Two HouTs 
that Shook the Mathematical World, 
and a booklet, Challenging and Solving 
the Three lmpossibles. Through a com­
pany called The Kidjel Ratio they sell 
this literature along with the Kidjel ratio 
calipers with which one can apply the 
system. In 1959 the two men lectured 
on their work in a number of U. S. cities, 
and a San Francisco television station, 
KPIX, produced a documentary about 
them called The Riddle of the Ages. 
According to Congressman Inouye (who 
is now a senator): "The Kidjel solutions 
are also now being taught in hundreds 

Kempe's linkage for trisecting any angle 
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NEW DISCOVERIES IN SCIENCE FROM RESEARCH IN ST. LOUIS 

St. Louis' 
Washington University 

expands toward 
major Science Center 

This year Washington University was 
one of the first universities to receive 
major science development grants un­
der a new National Science Foundation 
program. The University has launched 
a capital fund drive for $70,000,000. 
And the Ford Foundation has awarded 
it a $15,000,000 challenge grant. Much 
of this money will be used to develop 
a national science center here. 

Many avenues of information from 
the center to local industry will be pro­
vided through seminars, conferences, 
and courses. 

A novel partnership between the 
University and Monsanto Company 
also shows how its research facilities 
can work with local industry. The De­
fense Department has awarded them a 
$2,000,000 contract to work in part­
nership, to develop new "composite" 
materials for use in aerospace and 
military applications. 

If this sounds like the kind of envi­
ronment you'd like to locate your new 
plant or laboratory, write for our 
brochure, "St. Louis-A Research 
Center." Contact A. G. Baebler, Mgr., 
Industrial Development Dept. 

ST. LOUIS, MISSOURI 63166 

Deep Sky Photography with 

The Celestron 10 
Schmidt Cassegrain Telescope as shown 
here equipped with astro camera adap· 
tor and the Celestron 4 Guide Scope. 
You will be able to capture on film 
exquisite details of the moon and 
planets at exposure times of 1/10 to 
1/100 second. For deep sky exposures 
of faint nebulae, the Celestron 10 is 
guided with a Celestron 4 Guide Tele· 
scope at typical magnifications of 600X. 
Visually or photographically, the Celes· 
tron 10 is the ideal telescope for 
educational institutions or the serious 
amateur astronomer, 
"Observational Astronomy" - a complete 
lab manual - free to educational inscitu· 
tions. 
FOT more details on the Celes/ron 10 and 
other telescopes from 4" to 36" write 10: 

Celestron Pacific 
13214 Crenshaw Blvd., Gardena, Calif. 
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Solution to 20·counter problem 

of schools and colleges throughout Ha­
waii, the United States and Canada." 
One hopes the statement was exagger­
ated. 

Just recently a correspondent in Cali­
fornia sent me a clipping from the Los 
Angeles Times for Sunday, March 6, 
1966 (Section A, page 16). A man in 
Hollywood had taken a two-column ad­
vertisement to display, in 14 steps, his 
method of trisecting. 

What can the mathematician say to­
day to an angle-trisector? He can re­
mind him that in mathematics it is pos­
sible to define tasks that are impossible 
in a final, absolute sense: impossible at 
all times, in all conceivable (logically 
consistent) worlds. It is as impossible 
to trisect the angle as it is to move a 
queen in chess the way one moves a 
knight. In both cases the ultimate rea­
son for the impossibility is the same: 
the operation violates the rules of a 
mathematical game. The mathematician 
can urge the trisector to get a copy of 
What Is Mathematics? and study the 
section mentioned above, then go back 
to his proof and try a bit harder to find 
where he went astray. But angle-trisec­
tors are a persistent breed and not like­
ly to take anyone's advice. Augustus De 

Morgan, in his Budget of Paradoxes, 
quotes a typical phrase from a 19th­
century pamphlet on angle-trisection: 
"The consequence of years of intense 
thought." De Morgan's comment is 
terse: "Very likely, and very sad." 

�st
. 
month's problems have the follow­

Il1g answers: 
1. White checkmates with knight to 

Q6. 
2. The illustration above shows one 

way to remove six of the 20 counters 
[color] so that no four remaining count­
ers mark the corners of any of the 21 
squares. 

3. Apart from Sam Loyd's solution to 
the clock puzzle, shown last month, 
there are 12 other perfect answers [see 
illustration on page 122]. Each clock­
face is divided into four parts, the num­
bers in each part adding up to 20. The 
last three solutions are the hardest to 
find. 

4. Loyd's eagle completes its flight 
at sundown after 39)f days as measured 
in Washington. The eagle will have 
seen 38Jf "days" (measured by the sun­
rises and sunsets it saw in flight) but, 
because it circled the earth in a direc­
tion opposite to the earth's spin, it has 
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AMERICA'S newest, most advanced short-range jet, the Boeing 
737, will bring passengers on short-range routes the same big-jet 
comfort enjoyed by passengers on intercontinental jetliners. The 
737 will provide more head room, more shoulder room by far 
than any other short-range jet. It'll carry up to 117 passengers, 

cruise at 580 miles an hour, and operate with ease from shorter 
runways. Roll-out is scheduled for later this year. Boeing 737s 
have already been ordered by these leading airlines: Braathens 
(Norway), Irish, Lufthansa, Mexicana, Northern Consolidated, 
Pacific, Piedmont, United, Western and Wien Air Alaska. 

Capability has many faces at Boeing 

CHINOOK helicopter, built by Boeing's Vertol 
Division, is operating in Viet Nam with the 1st 
Cavalry Division (Airmobile). Chinook is U.S. 
Army's standard medium transport helicopter. 

TEST firing of world's most powerful rocket stage, 
the S-JC booster of NASA's Saturn V which will 
launch first Americans on moon journey. Boeing 
holds NASA contract to build, develop, test S-I C 
stage, generating 7.5 million pounds of thrust. 

85-FOOTantenna near Madrid, part of worldwide 
Deep Space Network, is one of three which will 
receive transmissions from NASA's Boeing-built 
Lunar Orbiter as it circles and photographs moon 
later this year. NASA has also assigned Boeing 
responsibility for space flight mission operation. 

BOEING 
Space Technology. Missile&' Military Aircraft System'. 707. 120. 727. 
737 Jetliners' SY$kms Management. lIelicopters • Marine Vehicles. 
Cas TlU'6ine EnBines • Also, Baeins Scientific Rese<!rch Laboratories 
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Choice from Chicago 

GROUP THEORY 
Physical Applications 
by Leopoldo M. Falicov 

This book offers a complete 
introduction to the uses of 
group theory which are ap­
plicable in solving physics 
and symmetry problems. Mr. 
Falicov is an associate mem­
ber in the University of Chi­
cago physics department and 
the Institute for the Study of 
Metals, and these lectures 
were given in a graduate 
course there. 

176 pages, paper $2.00 

THE COLLECTED PAPERS 
OF ENRICO FERMI 
Volume I: Italy, 1921-1938 
Volume II: United States, 
1939-1954 
Together these volumes con­
tain a lasting monument to 
Enrico Fermi, and a valuable 
contribution to the under­
standing of the process of 
scientific invention. About 
275 papers written by Fermi 
are included. Where more 
than one version of a paper 
exists, the editors chose the 
most detailed. Only in the 
cases of the most important 
papers is an English transla­
tion by someone other than 
Fermi included. Short, au­
thoritative accounts of origin 
precede most papers, offer­
ing insight as to their signif­
icance and value. 

Vol. I, $15.00 
Vol. II, $22.50 

NON-EQUILIBRIUM 
THERMODYNAMICS, 
VARIATIONAL TECHNIQUES, 
AND STABILITY 
Edited by Russell J. Donnelly, 
Robert Herman and lIya 
Prigogine 

An im p o r t a n t  bo ok for 
theoretical physicists and 
chemists, engineers, astro­
physicists, biochemists, and 
mathematicians, answering 
many of the difficult theoret­
ical problems of this rapidly 
growing science. $10.00 

Inquire at your bookstore 
UNIVERSITY OF � 
CHICAGO PRESS [£1 
5750 Ellis Avenue � Chicago, Illinois 60637 . 
Chicago and London. In Canada: 
The University of Toronto Press 

lost a day compared with the elapsed 
days in Washington. 

5. Assume that the explorer and bear 
are near the South Pole. The bear is 
100 yards south of the man, at a spot 
such that, when it completes its 100-
yard walk east, it will be exactly oppo­
site the man on the other side of the 
South Pole. Thus when the explorer 
aims his gun south and fires, the bullet 
travels over the South Pole and hits the 
bear. There is an infinite set of solu­
tions, for the bear can be closer still to 
the pole so that his walk takes him one 
and a half times around the pole, or two 
and a half times, and so on. 

The second easily overlooked family 
of answers hinges on the statement that 
the man "looking due south ... sees a 
bear 100 yards away." Clearly the man 
and bear can have initial positions in 

4 

7 

10 

2 

5 

8 

11 

which they are on opposite sides of the 
South Pole but 100 yards apart. The 
man is farther from the pole than the 
bear is. After the bear has walked 100 
yards due east it is halfway around a 
circle to a spot directly south of the 
man, on the same side of the po:e. Of 
course, the man can be a bit farther 
from the pole, so that the bear makes 
a complete circle, or one and a half 
circles, or two circles, or two and a half 
circles, and so on, to generate another 
infinite family of solutions that reaches 
a limit when the man is 100 yards from 
the pole. The bear's walk then degener­
ates into a pirouette on the pole itself. 
Both families of overlooked solutions 
are given by Benjamin Schwartz in his 
article "What Color Was the Bear?" in 
Mathematics MagaZine, Vol. 34, Sep­
tember-October, 1960, pages 1-4. 

3 

6 

9 

12 

Solutions to last month's clock-dissection problem 
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When this Coronastat 55 
moves in:'hidden photocopy 
costs"move out! 
"Hidden photocopy costs" are the 
ones you hadn't counted on but ones 
you have to pay nevertheless. Charges 
for paper, for supplies and service. 
They're "extras" you won't find on 
the new Coronastat'" 55'". Coronastat 
55 users pay for the copies they make 
-period. And those copies you do 
make can cost as little as two cents 
each. 

Let us send you a cost-per-copy 

chart that will show you our costs in 
comparison with those of other lead­
ing copiers. You can figure out for 
yourself just how much you'll save 
with a Coronastat 55 at work in your 
office. It may be hundreds-and could 
be thousands of dollars a year! 

There are other savings a Corona­
stat 55 brings as well. No special 
wiring is needed. (You can even wheel 
the Coronastat 55 from department to 

department if you wish. Just plug it 
in.) The size is right, too. This console 
copier will fit where others won't. 

Whether you have a copier in oper­
ation now or are thinking about buy­
ing your first photocopier, it will pay 
you to find out all there is to know 
about Coronastat 55. 

SCM ELECTROSTATIC COPIERS 
SCM CORPORATION, 410 PARK AVENUE, NEW YORK. N. Y. 10022. 

OFFICES IN CANADA AND MAJOR CITIES THROUGHOUT THE WORLD 

SCM Corporation SA.6 
410 Park Avenue, New York, New York 10022 
o I want to see how little Coronastat 55 photocopies 
will cost in my office. Please send me my free copy 
of your "Coronastat Copy Cost Comparison Chart." 

Our present photocopy equipment i:s..s _::--..,--__ 

Brand name 
___ • We make an average of ___ a month. 

Model No. of copies 
Your name ________________________ _ 

Company _________________ Title ______ _ 

Address __________________________ _ 

City _____________ State ___ Zip __ _ 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

A
recentlY as 1950 perfumes were 
graded by the noses of connois­
seurs and wines were judged by 

the palates of wine tasters. Even chem­
ists occasionally relied on taste and 
smell in some of their procedures. To­
day these arts have been outmoded 
by the gas chromatograph. This sim­
ple apparatus can quickly detect and 
measure each of the scores of fractions 
in a complex mixture, even though 
some components may amount to only 
a few trillionths of the total bulk. The 
gas chromatograph contains no com­
plex parts, and it can be built easily 
and inexpensively by the amateur. 

George V. Downing, Jr., a specialist 
in gas chromatography, described the 
operating principle of the device in the 
October 1964 issue of The Oregon Sci­
ence Teacher, official publication of 
the Oregon Science Teachers' Associa­
tion. "The principle of gas chromatog­
raphy," he wrote, "is illustrated by a 
stream of inert gas such as nitrogen 
passing through a tube packed with 
granules of an inert substance coated 
with a thin film of liquid such as sili­
cone oil that is essentially nonvolatile at 
the temperature of the tube. The nitro­
gen is called the carrier gas and the oily 
granules are known as the chromato­
graphic column. 

"Suppose we now inject at the en­
trance to the tube one milliliter of a mix­
ture consisting of three gases such as 
propane, butane and argon. Propane 
and butane are soluble in the silicone 
oil, and hence some atoms of each will 
dissolve in the liquid. Propane is the 
more volatile of the two and for this 
reason it has a lesser tendency than the 
butane to dissolve in the oil. Some atoms 
of both gases, however, continuously 
dissolve in the oil and evaporate out of 
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How to build a gas chromatograph and use 
it to separate the components of mixtures 

it only to be redissolved and reevapo­
rated again and again during their tran­
sit through the oily granules. 

"The propane will spend more time 
during the transit in the moving gas 
than the butane will. Conversely, the 
butane will spend more time in the 
stationary oil than the propane will. 
Hence the propane will outdistance 
the butane as the two substances are 
urged downstream by the carrier gas; 
the two will separate and the propane 
will arrive first at the end of the tube. 
Even so, the propane will have spent 
some time in the stationary oil. For this 
reason it will not keep pace with the 
nitrogen gas that urges it along. Argon 
is not soluble in silicone oil. This gas 
would move through the tube at the 
same velocity as nitrogen and would 
have arrived at the end before either 
the propane or the butane." 

The chromatographic separation of 
the fractions and their serial discharge 
at the outlet of the column depend on 
the affinity between silicone oil and 
other substances. In the case of general­
ly inert gases such as nitrogen, helium 
and argon the affinity is insignificant 
and chromatographic separation does 
not occur. Affinity is significant, how­
ever, in the case of chemically active 
gases. Moreover, it varies distinctively 
from substance to substance. 

Materials other than silicone oil can 
be used for the chromatographic col­
umn. Detergents, for example, are par­
ticularly effective for separating petro­
leum products. Materials such as the 
polyglycols are used for the analysis of 
plant vapors. 

Having made the separation, the gas 
chromatograph must also detect the 
fractions as they emerge serially from 
the outlet of the column. Although 
many detection schemes are possible, 
three have gained favor. One is based 
on the relative effectiveness of gases as 
conductors of heat. The other two are 
based on the extent to which gases can 
be made to conduct electricity. 

The detector based on conduction of 
heat makes use of a heated wire im-

mersed in the stream of gases that flows 
from the column. Each of the gases 
cools the wire at a characteristic rate. 
The electrical resistance of the wire 
varies with temperature and can be 
continuously measured by a sensitive 
Wheatstone bridge. Variations of the 
galvanometer in the bridge reflect 
changes in the composition of the gas 
fractions passing out of the chromato­
graphic column. In advanced versions of 
the instrument variations in the resist­
ance of the detector operate a pen and 
are recorded as a graph. 

Detectors based on the electrical 
conductivity of gases take the fOlm of 
an ionization chamber. This enclosure, 
through which the exhaust gases of the 
column flow, is fitted with a device that 
ionizes the gases and with a pair of 
electrodes that set up a potential field 
through the gases. A sensitive ammeter 
connected to the electrodes measures 
the amplitude of the resulting current. 

In one form of the conductivity de­
tector the gases entering the ioniza­
tion chamber are exposed to a small 
piece of radioactive metallic foil. High­
energy nuclear particles from the foil 
bombard and thus ionize the gas. In an 
alternate scheme the radioactive foil is 
replaced by a burner that is fed with 
hydrogen and the exhaust gases from 
the column. The hydrogen burns in the 
chamber, resulting in pyrolysis: the elec­
trification of the gases by ionization aris­
ing from heat. Each gas becomes more 
or less electrified, depending on its na­
ture. The electric currents developed 
in the gases are quite small, amounting 
to less than a millionth of an ampere. 
Even so, the most sensitive detectors 
are of the electrical-conductivity type. 

Each of the detection schemes has 
certain advantages and disadvantages. 
The heated-wire system, known as the 
katharometer, is reliable and easy to 
construct but not suitable for use with 
all carrier gases. The katharometer 
works best with gases (such as helium) 
that are good conductors of heat. It 
can detect differences in gas fractions 
amounting to about one part in 10,000. 
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This is adequate sensitivity for the 
analysis of mixtures in which each com­
ponent is present in fairly substantial 
quantity. 

Some investigations, however, re­
quire more sensitivity. Examples are 
the analysis of atmospheric pollutants 
and the separation of compounds that 
are unstable at the high temperature 
necessary to achieve a vapor pressure 
adequate for detection by the hot-wire 
method. Many biological materials such 
as alkaloids and steroids are in this 
category; the analysis of such substances 
requires sensitivities on the order of one 
part in 10 trillion. Sensitivities of this 
magnitude are achieved by the ioniza­
tion detectors. 

The sensitivity and efficiency of the 
gas chromatograph vary with the speci­
men, the composition of the column, 
the kind of carrier gas and its tempera­
ture, the rate at which the carrier gas 
flows through the column and the de-

tection scheme. Many carrier gases 
have been tried. Nitrogen was used by 
A. T. James and A. J. P. Martin, the 
British chemists who first proposed gas 
chromatography [see "Gas Chromatog­
raphy," by Roy A. Keller; SCIENTIFIC 
AMERICAN, October, 1961]. Helium 
has the highest thermal conductivity of 
any inert gas and is a popular carrier in 
the U.S., particularly for use with a 
katharometer. Although hydrogen has 
high thermal conductivity and is inex­
pensive, it is also reactive and poten­
tially explosive. Air, the least expen­
sive carrier, is usually avoided because 
it can oxidize the specimen. Argon is 
used with certain radioactive detectors 
because it acts as an integral part of 
the ionizing mechanism. 

The rate at which the carrier gas 
flows through the column is usually 
controlled by maintaining constant 
pressure with a regulator of the dia­
phragm type at the input. The flow can 

be retarded by placing finely drawn 
capillary tubes of glass between the 
regulator and the head of the column. 
Traces of water vapor and oil are nor­
mally removed from the carrier gas by 
a drying tube, a molecular sieve, sin­
tered glass filters or silica gel. 

The rate of flow that yields optimum 
separation of the fractions must be de­
termined experimentally. If the rate is 
too high, the components do not have 
time to separate before they are car­
ried out of the column. If the rate is 
too low, diffusion can mix the fractions 
partially and thus prevent sharp sep­
arations. In columns with a diameter of 
six millimeters practical rates of flow 
vary between 30 and 100 milliliters per 
minute. 

According to Downing, a good col­
umn when operated properly will have 
a useful life of several months. Most 
columns consist of a copper, a glass or 
an aluminum tube that has an inside di-

Fluid to be thermometer 
analyzed is injected 

by hypodermic 
syrinse. 

autotransformer 
fay heater control J 
bottle of 

radiant­
heater 
element 

manometer 
pres5ure about E�2����� 9 em. of mercury) 

Major components of a homemade chromatographic system 

6-volt battery 
) 

bridge ci rcuit 
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ameter of about six millimeters and is 
packed with a suitable material. The 
tube, some three meters long, is coiled 
or otherwise bent into a package of 
convenient size. 

Metal tubing conducts heat better 
than glass tubing and therefore tends 
to maintain the column at a more uni­
form temperature. Metal columns are 
also more rugged than glass and easier 
to package for use in ovens. On the 
other hand, glass assemblies are chemi­
cally more inert. They are also trans­
parent and so enable the experimenter 
to observe the packing procedure in 
detail and ensure uniformity. 

The packing material should provide 
the maximum possible surface for ex­
changes between the liquid and the 
gases. For this reason it usually con­
sists of an inert granular substance 
coated with a liquid. Widely used 
granules include diatomaceous earth, 
pulverized firebrick, glass beads, salt 

ru bber serum ---.J ") stopper) 
upper 

I « �'" 5 eeve �-turne:Jd/� 
down I 

>u--" n-�b Pyrex gra.phite , 
T I aSbe.5to5 ' 

l'i packing (� 
(.� I""�' com-(\,-, -'I'� pre.s- /' " II'. 

C mit. ' _- ' 
s ion 
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� I .� I' '" Q�plng ) 
three meters 
of %: copper 
tubing fj lied 
with Tide 

Entraflce to colu.mn 

pellets and Teflon pellets. Some com­
mercial detergents act as efficient col­
umn substances without a fluid coating. 

Particles should be screened to re­
move dust that might otherwise plug the 
column. Particle sizes of 40 to 50 mesh 
(a measure of screen fineness per square 
inch) are frequently used. Column ef­
ficiency varies inversely with particle 
sizes; 80 to 100 mesh or even 100 to 
140 mesh have been used. The finer 
the particles, however, the higher the 
pressure required to drive the gas 
through the column. 

An introductory experiment in gas 
chromatography conducted last year 
by Steve Langhoff and Glen Martin, 
who were then seniors at the South 
Salem High School in Salem, Ore" il­
lustrates the procedure. Langhoff and 
Martin's instrument is properly known 
as a "vapor phase" chromatograph be­
cause the specimen (white gasoline), 
which exists as a fluid at room tempera-

I 
6-mm. � 

b· 1 tu Ing 
I 

4 

- column 
. VI r- l! 

A Inercury ,nanometer 

ture, must for analysis be converted to 
vapor by heating the chromatographic 
column. The envelope of this column 
consists of copper tubing eight feet 
long and a quarter of an inch in outside 
diameter. 

A short T connection was first soldered 
into the discharge end of the tube, The 
space just beyond the T was packed with 
a plug of rock wool about half an inch 
long, The tubing was then suspended 
vertically, with the T at the bottom, and 
completely filled with the commercial 
detergent Tide. The granules were slow­
ly poured into the tube through a small 
funnel and packed by holding a vi­
brator against the metal. When solidly 
packed, the tube was wrapped around 
a cylindrical form to make a coil six 
inches in diameter, a convenient size for 
use in an oven improvised of plywood, 
Transite and an electrical heating ele­
ment of the radiant type [see illustra­
tion on preceding pagel. 

exhaust 
gas 1 
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The carrier gas for the system was 
helium, which Langhoff and Martin ob­
tained from a local welding shop. A 
regulator of the diaphragm type main­
tains the pressure of the carrier gas at 
nine centimeters of mercury, which is 
equivalent to 1.6 pounds per square 
inch. Carrier gas enters the column 
through the leg of a glass T. One end 
of the crossarm of the T is closed by a 
plastic cap of the kind used for sealing 
biological preparations such as serum 
in bottles. The other end of the T is at­
tached to the column through a com­
pression coupling as illustrated at the 
left on the opposite page. The space in 
the copper tube between the granules 
of detergent and the compression cou­
pling is plugged with a wad of rock 
wool. A second T Rtting that is insert­
ed in the hose connection between the 
pressure regulator and the column con­
nects to the mercury manometer used 
for observing the input pressure of the 
carrier gas. 

The T connection at the exhaust 
end of the column leads to an inge­
nious Howmeter suggested to Langhoff 
and Martin by Don F. Weinhart, pro­
fessor of chemistry at the University of 
Oregon. The device consists of a glass 
tube calibrated in milliliters and Rtted 
at the lower end by a side arm for ad­
mitting gas and by a rubber squeeze 
bulb partly Riled with soap solution 
[see illustration at right on opposite 
page]. Squeezing the bulb deposits a 
soap RIm across the calibrated tube. 
The soap RIm is then forced up the 
tube by gas entering the side arm 
from the chromatographic column. By 
timing the passage of the soap RIm 
along the graduations the rate of How 
in milliliters per minute is easily calcu­
lated. The Howmeter was made of a 
broken buret by cutting off the jagged 
top, sealing in a side arm at the bottom 
and pulling the soft glass beyond the 
side arm into a taper that Rts the 
squeeze bulb. 

The oven is simply a plywood box of 
convenient size lined with Transite and 
insulated with rock wool. The construc­
tion is not critical because the column 
operates at a temperature of only 130 
degrees centigrade. (The temperature 
of the column need be only high 
enough to vaporize the specimen, in 
this case white gasoline.) Heat is sup­
plied by a 600-watt unit from a radiant 
electric heater. The temperature is 
controlled by energizing the heater 
through a variable autotransformer. 

The essential element of the detec­
tor is the Rlament assembly of a 6.3-volt, 
.25-ampere incandescent lamp of the 

File around glass Insert Ro" tape 
bead a:;be:;tos to mo.ke ) tape plug. 

between 
leads. ) 

"-sold er /r' ) --' 

Remove base 
assembly. If enameled 

' ; . 

copper-wire leads 

col u m n -pac k " ng 
rna terial fi lament 

----
1;'4-" copper 
tubing 

rock wool 

putty plug 

Steps in cOllstrltction 0/ the detector 

type used in a four-cell flashlight. Such 
bulbs are available in most hardware 
stores. The Rlament is removed from 
the lamp by Rling a nick completely 
around the bulb at the point where the 
glass joins the metal base. Score the 
glass with a corner of a Rne, sharp Rle. 
Use light pressure, not more than Rve 
ounces. Having extended the nick 
completely around the envelope, keep 
Rling until the glass cracks. Do not 
grow impatient and strike the bulb if it 
fails to break when you think it should. 
Avoid striking and thus bending the 
Rlament assembly when the glass falls 
away. 

Without removing the Rlament as­
sembly from its base, extend the Rla­
ment leads by soldering a pair of 24-
gauge copper wires about six inches long 
to the leads just below the glass bead 
that supports the Rlament. Use a good 
liquid soldering flux. Clip off the por­
tion of the Rlament leads just below 
the soldered joints and remove the RI­
ament from the base. A new base is 
made by spiraling asbestos tape be­
tween the leads and winding it into a 
cylinder as illustrated above. The as­
sembly is then slipped into the dis­
charge end of the column. 

Measure carefully the distance be­
tween the end of the tube and the wad 
of rock wool that retains the packing. 
Slide the Rlament assembly into the 
tubing just far enough so that a space of 

about a quarter of an inch remains be­
tween the Rlament and the rock wool. 
Before installing the Rlament assembly 
try it for size in a short length of the 
copper tubing and simultaneously ad­
just the leads to prevent contact be­
tween the Rlament and the tubing. 
When all is ready, slide the assembly 
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Results of a chromatographic separation 

into the column, brace the rear of the 
asbestos base with a tuft of rock wool 
and secure the leads in place with a 
plug of putty. 

The Wheatstone bridge can consist 
of composition resistors of half-watt 
size. Never apply voltage to the bridge 
until air in the chromatographic column 
has been displaced by carrier gas. The 
filament will burn out if it is heated 
to incandescence in air. Use a fully 
charged storage battery for energizing 
the bridge, because accuracy of analy­
sis requires constant voltage across the 
filament. 

To analyze a specimen of white gas­
oline turn on the heater and adjust the 
autotransformer until the temperature 
of the oven remains constant at 130 
degrees C. for 30 minutes. When the 
temperature has stabilized, turn on the 
carrier gas and adjust the regulator to a 
pressure of nine centimeters as indicat­
ed by the manometer. After about a 
minute test the system to see if the 
carrier gas has displaced air from the 
column. One makes this test by holding 
a lighted match or a glowing splint im­
mediately above the discharge end of 
the flowmeter. If the gas quenches the 
flame, the probability is that the system 
has filled with helium. 
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Close the switches that connect the 
two-ohm and 22-ohm resistors across 
the microammeter of the Wheatstone 
bridge. (Incidentally, the most sensi­
tive microammeter available should be 
used in the bridge, preferably one that 
requires not more than 50 microam­
peres for full-scale deflection.) Now 
clip the power leads to the battery and 
adjust the potentiometer in the arm of 
the bridge opposite the filament until 
the microammeter indicates minimum 
current. The resistance of the potenti­
ometer at this setting should approxi­
mate that of the heated filament. The 
setting of this potentiometer should 
need no additional adjustment. 

The fine adjustment is made by al­
tering the setting of the potentiometer 
that is connected between the 22-ohm 
arms of the bridge. This is the lower 
potentiometer in the accompanying il­
lustration at the bottom of the preceding 
page. The switches that connect the 
two-ohm and 22-ohm protective resis­
tors across the meter should be closed 
during the initial adjustments. As bal­
ance is approached the two-ohm resis­
tor is cut out of the circuit. This usually 
increases the excursion of the meter. 
When the excursion has been minimized 
by further adjustment of the potentiom-

eter, the 22-ohm resistor is cut out, after 
which the bridge is balanced as com­
pletely as possible. 

The temperature of the oven, the 
pressure of the carrier gas and the rate 
of carrier-gas flow are then measured 
and recorded. Incidentally, by dividing 
the known volume of the column by 
the rate of Row of the carrier gas the 
interval required for displacing air 
with inert gas can be found. This is the 
interval between the time the carrier 
gas is turned on and the time voltage 
can be safely applied to the bridge . 

Finally, about a twenty-fifth of a mil­
liliter of clear gasoline is taken up in a 
small hypodermic syringe. Insert the 
needle through the serum cap and 
squirt the specimen on the detergent at 
the top of the column. According to 
Langhoff and Martin, the sharpness of 
separations appears to vary inversely 
with the size of the specimen. Readings 
are most conveniently made by two 
people, one observing the current am­
plitude and tabulating the results while 
the other calls the time. Most runs can 
be completed within 20 minutes. The 
constituents of mixtures appear as 
peaks when the results are plotted in 
the form of a graph. 

A typical graph of clear gasoline 
made by Langhoff and Martin is re­
produced on this page. Having made 
the analysis, the experimenters immedi­
ately injected a small specimen of pure 
octane in the column. Every effort was 
made to maintain all conditions of the 
apparatus constant, including the tem­
perature of the column and the pres­
sure of the carrier gas. The results of 
the analysis of the octane specimen ap­
pear as the broken curve below the 
seventh peak of the graph that rep­
resents white gasoline. Langhoff and 
Martin do not seriously doubt that the 
seventh peak of the graph was made 
by the octane fraction in their speci­
men of white gas, but they cannot ex­
plain the slight discrepancy in position 
between the two peaks. The pure oc­
tane appears to have made its way 
through the column some 20 seconds 
faster than the octane fraction of the 
gasoline. Langhoff and Martin plan to 
make another experiment in which the 
octane will be added to the gasoline 
before the run. The combination should 
result in a single, higher seventh peak. 
Incidentally, this experiment demon­
stt'ates how the gas chromatograph can 
be calibrated: graphs derived from 
known fractions are simply compared 
with the peaks made by unknown mix­
tures. 
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A pocket-size 
4t4t rescue radid�? 
Sure. But how do 
you give it 
a 50-mile reach? 

We use ultra-reliable film micro­
electronic circuitry-which takes 
less than two cubic inches. 

That's complete circuitry for the 
PRC-53 "Downed-Airman" trans­
ceiver-developed by Sylvania for 
the U.S. Navy. The entire radio 
set, including antenna and bat­
tery, is less than half the size and 
one-third the weight of existing 

operational equipment. Less than 
15 ounces - yet powerful enough 
for detection beyond 50 nautical 
miles. 

This mighty midget provides 
ultra-high-frequency, 2-way voice 
communication in addition to a 
beacon signal-and the beacon can 
be automatically actuated upon 
parachute deployment. 

The Sylvania PRC-53 is remark­
ably durable, too. Meets exceed­
ingly rigid military specifications. 
Withstands forces of explosive 
decompression from 40,000 feet to 
sea level. Submersion in 50 feet of 
sea water. Low temperatures down 
to -30°C. 

The pocket-size rescue trans­
ceiver. One of the smallest systems 
designed and built by Sylvania-as 
a "controlled response" to a mili­
tary need. That's how Sylvania can 
concentrate the system capabilities 
of GT&E-to serve the nation. 

Sylvania Electronic Systems, 
Division of Sylvania Electric 
Products Inc., 40 Sylvan Road, 
Waltham, Massachusetts 02154. 

G1&__.._ 
GENERAL TELEPHONE & ELECTRONICS 
Total Communications from a single source through 

SYLVANIA ELECTRONIC SYSTEMS 
GT&E SUBSIDIARIES: Telephone Operating Cos . •  GT&E Laboratories ' GT&E International ' General Telephone Directory ' Automatic Electric ' Lenkurt Electric ' Sylvania Electric Products 
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Do , you know a goo. deal 
when you see it? 

�Q� •. • . . ... . < .<, +, 

Then see it. 

It's all over the place in Massachusetts: just the 

kind of plants, sites and service your industry is 

looking for. There's one good deal after another 

here, whether your business is new to the Com­
monwealth, or whether you're contemplating 

expansion within the Bay State. 

From eastern shores to western forest areas, 

existing plants are immediately available. Countc 

less building sites are convenient to super high­

ways, seaports, air terminals, power plants. 

Seek executive talent? It's a regular product of 

the Commonwealth's 113 institutions of higher 

learning. Make use of Massachusetts' unsurpassed 

laboratories and research facilities. Employ a 

quality labor force, with a record among indus­

trial states of fewest "days lost" through worker­

management disputes. 

130 

Now contemplate a figure of $319,000,000. That 

sum represents the revised planned capital ex­

penditures for 1965 by Massachusetts Manufac­

turers, an increase of 12.6 percent over 1964 and 

the largest amount spent since 1957. * 

Massachusetts certainly represents a good deal 

for your industry. For detailed information on 
this "hot property," write or call 

MASSACHUSETTS DEPT. OF 
COMMERCE & DEVELOPMENT 
100 CAMBRIDGE ST., BOSTON, MASS. 02202 

Telephone (617) 727-3210 

• 1965 Capital Expenditures Survey Conducted by the Federal Reserve 

Bank of Boston. 
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by Marshall D. Sahlins 

STRUCTURAL ANTHROPOLOGY, by Claude 
Levi-Strauss. Basic Books, Inc., Pub­
lishers ($ 10).  

C
laude Levi-Strauss is a famous 
French anthropologist. More 
than that, he is an acclaimed 

savant, a man of letters and high style, 
of delicate perception and a penchant 
for Reason. In other words, Levi-Strauss 
may be more French than anthropolo­
gist, perhaps even a French national 
resource-a philosophe. Advanced Pa­
risian bookstalls peddle flimsy paper­
covered Conversations with Claude 
Levi-Strauss alongside a book by Claude 
Levi-Strauss (Savage Thought) that con­
verses with Jean-Paul Sartre. When the 
Smithsonian Institution last September 
celebrated with pomp the bicentennial 
anniversary of James Smithson's birth, 
Levi-Strauss was exported from the 
College de France for temporary dis­
play in Washington with much the 
same fanfare as accompanied the pro­
cession of the Mona Lisa from the 
Louvre to the Metropolitan. The Smith­
sonian celebration was rich in contradic­
tions and oppositions of the kind in 
which Levi-Strauss delights: a legitima­
tion of the birth (precise date unknown) 
of an illegitimate child (Smithson him­
self) who founded a national monument 
to empiricism in a country he had never 
visited, in testimony to which was in­
vited, as sole spokesman of the science 
of man, a scholar (from still another 
country) whose writing is devoted to 
ridding us of "naturalistic misconcep­
tions" in favor of nonapparent "struc­
tural realities." But then the Louvre's 
Mona Lisa was the work of an Italian, 
and it smiles on us like the masterpieces 
of Levi-Strauss, engaging and inscruta­
ble. 

Perhaps this dual quality of beauty 
and mystery explains, at least on a su­
perficial level, the peculiar attraction 
Levi-Strauss has for Anglo-American 

BOOKS 
On the Delphic writings 
of Claude Levi-Strauss 

positivist anthropologists. (It is another 
complementary opposition.) I say "pe­
culiar" because of the kind of attention 
Levi-Strauss gets, which as far as I 
know is unparalleled in the history of 
anthropology, although the field has 
had its share of Towering Intellects. But 
these were mostly plain and straightfor­
ward men of a style unchromatic, and 
if they were occasionally treated with 
excessive adulation, no one felt com­
pelled to explain to the rest of us just 
what they were saying. On the texts of 
Levi-Strauss, however, our journals are 
suddenly filled with windy exegesis and 
learned commentary, given to praise 
and typically to patient interpretation 
of the wisdom concealed therein. 

The translation of Structural Anthro­
pology, a representative collection of 17 
Levi-Strauss essays, will doubtless set 
off a new round of commentary, with 
which this review may unfortunately be 
classed. The collection is wide-rang­
ing, displaying Levi-Strauss in his char­
acteristic role of composer-conductor of 
the anthropological symphony, arrang­
ing data now one way and now another 
to bring forth their hidden harmonies. 
It begins with pieces on structural anal­
ysis in linguistics and social anthropol­
ogy, then goes into specific studies of 
social organization, magic, myth and 
art, and concludes with programmatic 
statements on the method and teaching 
of anthropology. The American edition 
of Structural Anthropology was preced­
ed by translations of two other ma­
jor Levi-Strauss works: Totemism and 
Tristes Tropiques (the American edition 
is entitled A World on the Wane). The 
latter is a spectacular and sensitive 
travelogue, the Levi-Strauss book most 
likely to captivate general readers. In 
addition English translations of two 
more main muvres have been an­
nounced and will appear shortly: La 
Pensee Sauvage and Les Structures 
Elementaire de la Parente. 

Thus the qualifications for creative 
exegesis are being democratized; soon 
one will no longer need to know French 
in order to be learned. Although this 
may take the fun out of it for some, 

probably many more will accept the 
opportunity. The earlier commentaries 
can assume the status of classical liter­
ature, and one can engage in commen­
tary on the commentaries. Perhaps then 
that characteristic quality of exegetical 
writing will emerge more clearly: the 
author of the piece, in contrast to his 
predecessors, uniquely understands the 
text, has discovered the key. Here 
Levi-Strauss has added zest to the game 
by severely chastising several critics for 
misinterpreting him. Given these con­
ditions, and a non-Western world rapid­
ly being populated by ex-savages, un­
derstanding Levi-Strauss could replace 
fieldwork as the means to an anthropo­
logical reputation. We may witness the 
spectacle-in fact, it has already begun 
to take shape-of assembled wise men, 
undaunted by Levi-Strauss's conviction 
that an understanding based on the ap­
pearance of things is a form of blind­
ness, scrambling all over the elephan­
tine erudition of this Parisian savant, 
making contact with one or another 
part of it and then pronouncing for the 
edification of befuddled colleagues on 
the character of the elephant. "How like 
a reductionist is a Levi-Strauss," says 
one, taking hold of a main-trunk argu­
ment to the effect that social order is 
fundamentally mental order and its ex­
planation reducible to laws governing 
the operation of the human mind. "How 
like a Hegelian," comments another, 
having grasped the hidebound dialectic 
Levi-Strauss applies to thought, history 
and reality. And so on: how like an 
idealist philosopher, how like a specula­
tive historian, how like a shaman edu­
cated in France. 

At this point we might take stock of 
the explications and texts in hand (par­
ticularly Structural Anthropology), and 
without presuming to fathom what a 

Levi-Strauss truly is-which probably 
few American-educated prisoners of 
naturalistic misconceptions can do-at 
least try to develop some consensus of 
what a Levi-Strauss is like. 

"How like an idealist," we hear. In 
some broad sense of mind over matter 
in the ordering of human affairs, Levi-
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Strauss is like an idealist, although he 
tends to qualify this, and the categoriza­
tion is in any case not apt if "idealism" 
is taken in the narrower sense of the 
primacy of definite ideas or ideals. What 
is mainly connoted by Levi-Strauss's 
idealism is an uncompromising anti­
positivism. Levi-Strauss does not be­
lieve that the appearance of things con­
stitutes their true nature (their "reality"), 
nor does he hold any brief for the going 
naturalistic (empirical, inductive) modes 
of explanation in anthropology. The 
nature of cultural materials-myth, so­
cial organization, ritual or all of these 
at once-is comprehended only when we 
reveal their nonapparent underlying 
structure. This structure is unconscious, 
just as the structure of a language is 
normally unknown to its speakers. Levi­
S trauss would have us operate as lin­
guists do when they uncover the con­
trasting features in sound that signify 
differences in meaning, and go on to 
state the rules for combining significant 
sound units into meaningful utterances. 
In a more familiar and in some ways 
more apposite idiom, one probes like 
the psychoanalyst for the unconscious 
construction that in manifest behavior 
is only repressed and disguised. 

The analysis of a particular social 
organization thus begins from disbelief. 
The empirically ascertained relations 
and groups are illusory; they are not the 
structural "reality" but some transfigura­
tion of it. A certain notion concerning 
the quality of this manifest social or­
ganization is also involved from the 
beginning; it expresses a native theory 
and is fundamentally a mental con­
struct. This is bizarre, not to say in­
comprehensible, to traditional anthro­
pology, which has long since decided 
that social relations are cultural devel­
opments of an order different from 
thoughts and beliefs. The social system 
is one thing, the ideological (symbolic) 
quite another. But for Levi-Strauss both 
express mental activity, and the osten­
sible social relations only hide the real 
images people harbor of their society 
(and the world in general). 

Levi-Strauss explains in two different 
ways why empirical behavior masks so­
cial reality. One is that historical vicissi­
tudes, such as the dying out of certain 
clans, have disarranged the original 
order, presumably a "true" and har­
monious one. This supposition some­
times leads him down the path of spec­
ulative historical reconstruction, and 
also up the creek into some inescapable 
swamps. For example (this is illustrated 
in an essay entitled "The Concept of 
Archaism in Anthropology"), we are 
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forced to conceive, for a group of his­
torically related societies, of an ideal 
social type that once in fact existed and 
whose real structure at the moment of 
creation coincided with its apparent 
structure. The present derivative so­
cieties represent transformations of the 
pristine-some a development on it and 
some degenerate but all left by un­
known histories with harmony disfig­
ured and covered over. Alternately a 
disjunction develops between empirical 
and structural levels because people are 
compelled to hide, justify or embellish 
the latter by the former, for reasons I 
personally do not completely under­
stand. The ostensible organization of 
society is a mystification, a masquerade 
of "reality." This supposition is on the 
high road to Hegelianism. 

How is the "real structure" of society 
discovered? Probably the best answer 
is "By Levi-Strauss's incredible inge­
nuity." Discrepancies may be noticed 
between a people's behavior ("the actual 
functioning of society") and its apparent 
organization. Thus a certain South 
American tribe was initially described 
as being divided into two intermarrying 
groups (moieties), each composed of 
several clans. This is the obvious or­
ganization, and a common one in South 
America. Further observation revealed, 
however, that the clans were each di­
vided into three castelike segments­
"upper," "middle" and "lower"-and 
that marriage was permitted only with­
in one's own caste, for example an 
"upper" could marry only an "upper" of 
the opposite moiety. Therefore what are 
in appearance two intennal'l-yil1g groups 
(moieties) are "in reality" three intra­
marrying groups (castes). Skeptics might 
deny Levi-Strauss the privilege of de­
ciding which is the "real" structure; 
they would decidedly deny the defense 
that his is the explication without con­
tradiction from fact. For him, however, 
the so-called dual order is "really" tri­
adic; the moiety division, by cutting 
across the castes, serves merely to hide 
and keep together "three societies 
which, all unknowingly, remain forever 
distinct and isolated, each imprisoned 
within its own vainglory, dissimulated 
even from itself by misleading institu­
tions." 

Now, such analyses may be "substan­
tiated" by detecting other social dis­
crepancies, 'as in kinship terminology, 
paralleling the hidden "objective" struc­
ture. But Levi-Strauss reserves his most 
triumphant eureka for the discovery of 
the same (or a similar) structure in other 
cultural domains altogether: in the al­
legations of myth, in symbolic classifi-

cations (as of totemic names), in ritual 
roles, or-in one remarkable instance­
designs painted on women's faces. 
Here, for a society such as the one we 
have just considered, anything that 
could be construed as triadic, perhaps 
interwoven with a dyad, confirms the 
structural revelation. Indeed, a "real 
structure" can sometimes be recon­
structed solely from symbolic represen­
tations, even if it has left no trace in 
existing social relations. 

This radical departure from accepted 
naturalism hardly needs comment, but 
one contrast with the prevailing form of 
anthropological empiricism-"function­
alism"-deserves emphasis. Functional­
ist explanations proceed by referring 
customs to their empirical context; thus 
a given belief, say "the meek shall in­
herit the earth" (in kingdom come), is 
presumed to sustain the associated sys­
tem, say a stratified feudal-monarchic 
order. Note that the relation between 
belief and social order is in this case 
organic and complementary and there­
fore presupposes certain differences in 
quality between them. In the structur­
alism of Levi-Strauss, beliefs, social be­
havior, art and the like are in relation 
insofar as they are similar, constituting 
so many "modalities" of the same struc­
ture; this is consistent with treating 
them as basically the same kind of 
stuff-as so many expressions of mental 
activity. 

It is not Levi-Strauss's intention 
merely to develop the "real" structure­
or structures, as there may be several­
of particular societies. His vision is also 
comparative, his objective also to order 
variant structural models as a group of 
permutations, permitting the formula­
tion of certain laws of transformation. 
This requires in the first place that 
structures be stated in terms sufficien tly 
formal and abstract that they become 
comparable in spite of differences in 
content. We are presented in one study 
with the discovery that certain societies, 
in substance quite different, in reality 
have similar underlying structures ex­
pressed by Levi-Strauss in a geometric 
design: three small circles located on the 
circumference of a larger circle and 
linked by a triskelion (a three-armed 
figure) centered in the larger circle. If it 
be objected by a refractory empiricist, 
possibly shocked by the collapse of 
society to geometry, that the circles or 
triskelions stand for manifestly different 
things among Indonesians and South 
Americans (here marriage rules, there 
the village layout), Levi-Strauss con­
tends that "what a given society 'says' 
in terms of marriage regulations is 'said' 
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You could spend hours of books digging 
out the information 
you need in 
modern 
science and 
technology 

or 
You can put your on this information in minutes 
by consulting Reinhold One-Volume Encyclopedias 
Concise, compact, authoritative ... Reinhold one-volume encyclopedias put 
basic facts at your fingertips. Articles have been contributed by men 
who are author it ies in their field, and each subject is not merely defined, 
but described and explained as well. Intended to provide succinct 
and accurate information for the non-professional as well as the 
professional who needs information outside his special field of interest, 
these encyclopedias belong in every school, college and company 
library, and on the desks of all individuals who must have quick 
answers to current scientific and technical questions. 

Encyclopedia of Biological Sciences 
Edited by PETER GRAY, University of Pittsburgh 
1961/1,142 pages/7 x 10/$20.00 

• Over 600 full-scale articles on such time ly topics as Space Biology, 
and Biological Warfare as well as classical accounts of such topics as 
Enzyme, Hepa ticae and Origin of Life. 
• The developmenta l , ecological, funclional, genetic, structural and taxonomic 
aspects of the subject by experts from the world over. 

• Numerous topics in biochemistry and biophysics. 

Encyclopedia of Chemistry, Second Edition 
Edited by GEORGE L. CLARK, University of Illinois and 
GESSNER G. HAWLEY, Reinhold Book Division 
June 1966/1,184 pages/ 7 x 10/$25.00 

• Completely revised an d enlarged edition covering vi rtually every aspect 
of modern chemistry. 

• 800 articles by outstanding experts on both theoretical and 
practical info rmation . 

• Spec ial emphasis on current concepts of chemical bonding, . 
molecular orbitals, cordination theory and new developments 
in instrumental analysis. 

Encyclopedia of Physics 
Edited by ROBERT M. BESANCON, U.S. Air Force Base 
Material Laboratory, Wright-Patterson Air Force Base 
1966/848 pages/7 x 10/$25 .00 
• Essential review of the standard physica l principles ( light, heat, 
sound, electricity, measurements, mechanics). 

• Covers the more advanced concepts of quantum mechan ics, 
biophysics, Mossbauer Effect, neutron activation analysis, 
and scores of others. Set in a typeface suited for scientific reading . 

Other Reinhold Encyclopedias 
E n cy cl o p e d i a of C h e m i ca l 
Process Equipment. Edited by 
William J. M ead . 1964/1,085 
pages / $35.00 

Encyclopedia of Electrochem­
istry. Edited by Clifford A. Ham­
pel. 1964/1,220 pages/$35.00 

Encyc lopedia of Electron i cs . 
Edited by C h arles Susskind. 
1962/996 pages/$22.50 

Encyclopedia of Engineering Ma­
terials and Processes. Editor-in­
Chief, H. Clauser; Co-Editors, M. 
Riley, R. Fab,ian and D. Peckner. 
1963/798 pages /$25 .00 

Encyclopedia of M anagement. 
Edited by Carl Heyel. 1963/1,088 
pages/ $25.00 

Encyclopedia of Microscopy. 
Edited by George L. Clark. 1961/ 
708 pages/$25.00 

Encyclopedia of X-Rays and 
Gamma Rays. Edited by George L. 
Clark. 1963/'1,178 pages/$35.00 

Encyclopedia of Plastics Equip­
ment. Edited by Herber t R. Sim­
onds. 1964/625 pages/$22.50 
Encyclopedia of Spectroscopy. 
Edited by George l. Clark. 1960/ 
804 pages/$25.00 

Encyclopedia of Patent Practice and Inve nti on Management. 
Edited by Robert Calvert. 1964/879 pages/$30.00 

lREINHOLD BOOK DIVISION 430 Park Ave., N.Y. 10022 

SPECIAL OFFER. EXPIRES AUGUST 31,1%6. 
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by another in terms of village lay-out, 
in terms of religious representations by 
a third, etc." 

Levi-Strauss's path to comparative 
understanding is not always easy to 
trace, but in a general way the follow­
ing appears to be a favored method. 
Having established a family of struc­
tures, perhaps filled out by the logical 
construction of permutations not actual­
ly known to occur, it remains to con­
sider the significant contrasts within it 
in the hope of determining rules of 
variation. The structures of the same 
class are seen to exhibit complementary 
practices with regard to specific social 
possibilities: people malTY in their own 
groups or out, behave familiarly toward 
certain relatives or avoid them, and so 
on. Variation in the family of struc­
tures is therefore reducible to a number 
of "binary oppositions," or paired con­
trasts. Levi-Strauss likes to symbolize 
the terms of any given opposition by 
plus and minus signs. A particular 
structure can then be stated as a set of 
plus and minus signs representing its 
specific combination of the distinctive 
features involved in the family. The 
family as a whole can be constituted­
perhaps in a chart-as a series of plus­
minus sets. The extremes of the series 
are often logical inversions: what is plus 
in the structural set at one extreme is 
minus at the other extreme and vice 
versa. 

From such a series of permutations 
one derives invariant relations between 
significant features. To take the sim­
plest example from Structural Anthro­
pology-one that happens to reveal the 
kind of thing that is disconcerting 
to positivists-Levi-Strauss develops the 
following "law" governing differences 
over a wide range of societies in cus­
tomary behavior toward certain types 
of relative: "The relation between ma­
ternal uncle and nephew is to the rela­
tion between brother and sister as the 
relation between father and son is to 
that between husband and wife," that 
is, maternal uncle/nephew : brother/ 
sister :: father/son : husband/wife. By 
"relation between" Levi-Strauss means 
free and familiar behavior (+) on the 
one hand and hostility, antagonism or 
reserve (-) on the other. Now, the in­
teresting thing is that the examples ad­
duced by Levi-Strauss show immediate­
ly that the rule as stated is not to be 
taken literally, nor is the series of kinds 
of behavior (pluses and minuses) com­
pletely systematic. The series is actually 
composed of two quite independent in­
variants: the relation between maternal 
uncle and nephew is always opposite to 
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that between father and son; similarly, 
but not necessarily in parallel fashion, 
the relation between brother and sister 
is always the opposite of that between 
husband and wife. Therefore the one 
thing that cannot happen is a literal 
expression of the rule-that the two 
signs on one side of the equivalence 
parallel the two signs on the other (for 
example + : - :: + : -). Moreover, al­
though Levi-Strauss considers these four 
relations the irreducible "atom of kin­
ship" and refers to them as "a system," 
in actuality if one of the terms is 
changed, only one other (in the corre­
sponding position on the other side of 
the equivalence) necessarily changes. 

Now, it may be possible to restate the 
rule correctly, in mathematical terms 
or by replaCing the "as" (: : )  of the origi­
nal by some construction indicating 
"symmetrical inversion" (if that means 
anything). But it should not conceal the 
fact that two independent invariants are 
in play, and the best one can say is that 
any given structure is an indeterminate 
combination of two uncorrelated oppo­
sitions, yielding four possible structures. 
This is a substantial improvement over 
the 16 possibilities of chance variation. 
On the other hand, as Levi-Strauss 
notes, the plus and minus signs over­
simplify the variety of kinds of be­
havior involved; in fact there are many 
more than four structural resultants. 

To a positivist this kind of solution 
must come as a big disappointment. For 
one thing, even allowing the compres­
sion and reduction of "appearance" to 
"reality" (plus and minus), and putting 
aside what may be a romantic attach­
ment to what is going on with people, 
it is already a matter of common an­
thropological experience that the op­
tions in social life are limited. Over the 
entire world kinship relations, descent 
groupings and the like vary only with­
in a finite range, can be characterized 
by a restricted number of features and 
embody comparatively few principles 
of organization. To confirm one's in­
evitable suppositions does not seem 
very momentous. In particular to say 
that one society presents some combi­
nation of main contrasting characteris­
tics and another society some other 
combination is not very satisfying. It 
will only bring out that incurable addic­
tion to empirical explanation one sees 
in certain anthropologists. 

Why these differences? Why are cer­
tain types of relative avoided among 
the so-and-so people and the same types 
treated familiarly in another group? 
Why here are there clans that marry 
out, there castes that marry in? If the 

several contrasts running through a fam­
ily of structures were interdependent, so 
that each society embodied a systematic 
pattern of distinctive features rather 
than some indeterminate collection, it 
would substantially reduce the problems 
of explanation. (Some of Levi-Strauss's 
structural analyses do seem to be of this 
type.) Still, once this Simplification has 
been achieved, the search for conditions 
that favor one pattern or another is 
merely facilitated, and the examination 
of historic and current contexts is mere­
ly made more inviting. There is reason 
to suspect, however, that Levi-Strauss 
himself foresees at this point a synthe­
sis of the naturalist thesis and struc­
turalist antithesis. 

By now it may begin to be clear why 
certain other qualities have been as­
cribed to the elephant by those who 
have been grappling with it. Consider 
Hegelianism. Marx stood Hegel on his 
head. Although Levi-Strauss claims to 
have been inspired by Marx, he rather 
turns Marx on his head. This takes us 
back to Hegel right-side up, which leads 
Robert Murphy of Columbia Univer­
sity, in a brilliant expose, to classify the 
intellectual outcome as "Zen Marxism." 
Thanks to Murphy, now anyone privy 
to what must be the vulgar Hegelianism 
with which Anglo-American realists dis­
pose of that imponderable German can 
spot the Hegelian reality disguised in 
Levi-Strauss's Marxist appearances. 

One thing is the very supposition that 
what is apparent is false and what is 
hidden from perception and contradicts 
it is true. Another is an indulgence for 
historic dialectic, a propensity for con­
ceiving that structures always tend to 
develop inversions of themselves. The 
holy Hegelian triad of thesis, antithesis 
and synthesis emanates everywhere 
from Levi-Strauss, be it the structural 
analysis of myth ("Mythical thought al­
ways progresses from awareness of op­
positions toward their resolution"), of 
the medicine man's treatments or of the 
relation between kinship classification 
and kinship behavior. Levi-Strauss has 
an incurable partiality to "opposition 
and correlation," to dualistic contrast 
and resolution, which in his view con­
stitute the way men think, the funda­
mental methodology of reason and the 
process by which men everywhere cre­
ate order out of the hodgepodge of cir­
cumstance. 

However other men do think, clearly 
this is the way Levi-Strauss thinks. And 
since he believes it to be true of all men, 
it follows that he (or any philosopher, 
notably a Bergson or a Rousseau, even 
if he had not the slightest ethnographic 
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Basic Research at Honeywell 
Research Center 

Hopkins, Minnesota 

Deformation and Fracture of Bone 

The high sensitivity micro strain measuring technique 

of the metallurgist has been applied to the study of the 
mechanical properties of bone. The findings indicate 

some unexpected characteristics of bone. 

Conventional studies of the mechanical 
properties of bone have been made for 
many years on stress-strain curves to frac­
ture for a wide range of biochemical vari­
ables. These low-sensitivity measurements, 
however, have not permitted correlation of 
mechanical behavior with the atomic and 
defect structure of bone. 
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FIGURE 1. 

Last year Honeywell's research metallur­
gists were asked to check inconsistencies in 
the performance of ivory in a particular ap­
plication. Using a high sensitivity micro 
strain technique they had developed for 
aerospace materials, they determined that 
plastic deformation can be detected in 
ivory at the surprisingly low stress level of 
180 psi. This and other unexpected findings 
caused them to broaden their research to 
include bone and to undertake a two-part 
investigation of the deformation and frac­
ture of bone. 

First, the micro strain technique was 
used to measure the initiation and extent 
of plastic yielding in bone. Second, fracture 
characteristics were determined under im­
pact and tensile loading and as a function 
of temperature. 

Two types of specimens - tensile and 

impact - were prepared from the outer 
periphery of compact bone of the femur 
of a cow. 

Using a load unload technique, a series 
of increasing tensile stresses was applied to 
the tensile specimens at a strain rate of 
3.3xlO-4 sec. -1. The total strain (elastic 
and plastic) at stress and the residual plas­
tic strain after unloading were measured 
for each stress level. From these measure­
ments the microscopic yield stress (the 
stress required to produce the first detect­
able plastic strain of 2 x lO-G in.lin.) and 
the subsequent variation of plastic strain 
with stress were determined. 

Fig. 1 shows that the onset of plastic 
yielding was detected at the low level of 
approximately 600 psi. As the stress was 
increased above this level the amount of 
plastic strain progressively increased. This 
plastic strain was not all permanent strain 
since a large an elastic contraction was 
noted, as the graph shows. 

Impact tests were conducted in a modi­
fied Charpy impact machine and specimens 
were struck at their midpoint with a ham­
mer delivering 5.1 in. lb. of energy. The 
energy absorbed during impact was meas­
ured at temperatures from -196' to 900'C. 

Fig. 2 plots results obtained for each 
unnotchedlongitudinal and transverse 
specimen with the energy absorbed during 
fracture shown as a function of test tem­
perature. 

Note that transverse specimens showed 
two marked differences from longitudinal 
specimens. First, the values of energies ab­
sorbed were significantly smaller for the 
transverse. Secondly, only a small peak in 
energy absorbed was noted at O'C. 

A series of longitudinal tensile specimens 
were also strained to fracture at a rate of 
3.3 x 10-4 sec. -1 at temperatures ranging 
from -196' to 200'C. Results showed that 
the tensile fracture stress exhibits a similar 
temperature dependance to that of the 
longitudinal impact specimens. 

These findings demonstrate that up to 
a stress near to the fracture point, bone does 
not deform in an elastic manner as has pre­
viously been thought. Instead plastic yield­
ing was detected at the low applied stress 
of 600 psi. 
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FIGURE 2. 

Also significant was the large contraction 
which occurred with time after unloading. 
This indicates that the dominant deforma­
tion mode of bone must be anelastic and 
reversible. 

The temperature dependance of the frac­
ture characteristics was marked. Further 
work demonstrated that between -196' 
and 200'C. these temperature character­
istics are related to reversible changes in 
atomic structure or the deformation mode. 

The way bone deforms is obviously much 
more complicated than previously thought. 
Having defined deformation and fracture 
in bone, Honeywell scientists now seek to 
understand their underlying mechanism. 
Beyond the medical implications, it is hoped 
that interdisciplinary work such as this will 
yield unique results that will aid our under­
standing of other materials. 

If you are engaged in related work and 
wish to learn more of Honeywell's study of 
the mechanical properties of bone, you are 
invited to correspond with Dr. William 
Bonfield and Dr. C. H. Li, Honeywell Re­
search Center, Hopkins, Minnesota. If you 
are interested in a career in basic research 
at Honeywell, please write to Dr. John 
Dempsey, Vice President, Research, at this 
same address. 

Honeywell 
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experience) could by contemplating the 
navel of his own thought achieve com­
munion with the most exotic customs of 
this planet. As Levi-Strauss puts it in 
Tristes Tropiques: "I became convinced 
that . . . people and things could be ap­
prehended in essence without losing 
that sharpness of outline which serves 
to distinguish one from the other and 
gives to each a decipherable structure. 
Knowledge was not founded upon sac­
rifice or barter : it consisted in the choice 
of those aspects of a subject which were 
true-which coincided, that is to say, 
with the properties of my own thought. 
Not at all, as the neo-Kantians claim, 
because my thought inevitably exerted 
a certain constraint on the object under 
study : but because my thought was 
itself such an object. Being 'of this 
world,' it partook of the same nature as 
that world." 

In other words, Method and Truth 
are united, because both are Reason. 
I understand other peoples because 
their lives are constructed as is my 
thought. I think, therefore they are! 

How, then, like a "reductionist," re­
fusing to concede autonomy to the level 
of social things but explaining them in­
stead as mental regularities, much as 
a biologist who would unconditionally 
surrender the processes of physiology 
to the laws of chemistry. Of course it 
is an uncommon kind of anthropological 
reductionism, which is ordinarily psy­
choanalytic. Levi-Strauss emphatically 
rejects recourse to affectivity or emo­
tion . Emotion is vague where structure 
is precise, merely sentimental where 
structure is logical. To invoke emotion­
alism is to ask mystery to explain clar­
ity-worse, to mistake the effects of liv­
ing within a given structure for the 
cause. If his system is a reductionism, it 
is of a highly intellectualized kind-a 
French reductionism. Only in this re­
spect do passages of Structural Anthro­
pology express a theoretical mortal sin. 
Kinship systems, Levi-Strauss writes, 
are, like linguistic systems, "built by the 
mind on the level of unconscious 
thought." And if (as he believes quite 
possible) homologies can be demon­
strated between kinship and linguistic 
structures, "the road will then be open 
for a comparative structural analysis of 
customs, institutions, and accepted pat­
terns of behavior. We shall be in a po­
sition to understand basic similarities 
between forms of social life, such as 
language, art, law, and religion, that 
on the surface seem to differ greatly. At 
the same time, we shall have the hope 
of overcoming the opposition between 
the collective nature of culture, and its 
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manifestations in the individual, since 
the so-called 'collective consciousness' 
would, in the final analysis, be no more 
than the expression, on the level of in­
dividual thought and behavior, of cer­
tain time and space modalities of the 
universal laws which make up the un­
conscious activity of the mind ." 

Yet one can only say that Levi­
Strauss is like a reductionist, because 
in other recent works (particularly Sav­
age Thought) he explicitly disavows 
that he is, or ever was, of the opinion 
that social practice results from "a con­
ceptual game taking place in the mind," 
even though he may have sometimes 
given that impression. Standing Hegel 
back on his head, he returns to Marx 
right-side up and anchored firmly in the 
"infrastructure," the specific material 
conditions of society. He protests that 
he has been dealing merely with social 
superstructures, which always develop 
under the constraints of the infrastruc­
ture. Yet it superstructure can express 
these constraints only as mediated by 
the conceptual scheme, "by the opera­
tion of which matter and form, neither 
with any independent existence, are 
realized as structures." How this all 
works, however, remains obscure, and 
it is unlikely that Levi-Strauss as an 
ethnologist will ever explain it; that, 
he conceives, is the task of other dis­
ciplines, not ethnology, which is "pri­
marily psychology." 

It is plain to see, even for the blind, 
that this is a complex and subtle Babar 
with which one gropes .  Many of Levi­
Strauss's aspects we have not even 
touched, for instance his conception of 
marriage rules and economics (as well 
as linguistics) as communication struc­
tures, or his treatment of art and myth 
in ways that have never been ap­
proached by anthropological positivism. 
Nor have we documented all the im­
pressions Levi-Strauss can give, "how 
like" so many other things he is. On the 
other hand, there is only thinly con­
cealed in this discussion the reaction of 
another kind of observer. Committed to 
the importance of appearances, ad­
dicted to empirical verification and re­
pelled by metaphysics, the blind posi­
tivist can only respond to the question 
"What is the elephant?" with another : 
"What elephant?" At the same time, as 
every anthropologist knows, some of the 
best elephant-hunters are pygmies. 

Short Reviews 

THE COLLECTED PAPERS OF ENRICO 
FERMI: VOLUME II, edited by Edo­

ardo Amaldi, Herbert L.  Anderson, En-

rico Persico, Emilio Segn� and Albert 
Wattenberg. The University of Chicago 
Press ($22.50) . Within a few days after 
Fermi's arrival in the U .S .  in January, 
1939, the news reached him of the dis­
covery by Otto Hahn and Fritz Strass­
mann of the fission of uranium. For the 
next six years he devoted himself to 
the development of the physics that 
flowed from the discovery. This volume, 
which completes the publication of his 
collected papers, covers that period.  

No one was better equipped-indeed, 
in this respect it is doubtful that Fermi 
had an equal-to carry on this delicate 
work, so portentous in its general con­
sequences for mankind. To a rare de­
gree he combined the skills of a theo­
retician and an experimentalist. The 
papers deal with a variety of now famil­
iar topics, some of which belong to the 
programs that led to the construction of 
the first chain-reacting pile and the ex­
plosion of the first atomic bomb, others 
to the investigation of the structure of 
the nucleus and the nature and be­
havior of subatomic particles. The col­
lection also includes a course on neu­
tron physics that Fermi gave at Los 
Alamos in 1945, papers on cosmic rays, 
on mesons, on Monte Carlo calculations, 
and more popular discussions such as 
his historical account of the first pile, 
delivered to the American Philosophical 
Society, and his amusing lecture "The 
Genesis of the Nuclear Energy Project," 
presented as part of the session "Physics 
at Columbia University" in the year of 
his death ( 1954) . 

Almost all Fermi's writings are grace­
fully clear. His approach, as some of 
his students and co-workers have re­
marked, was intuitive and geometrical 
rather than analytical, which made his 
ideas accessible even to those who were 
not versed in the art of complex mathe­
matical transactions. Fermi never forgot 
that he was dealing with the phYSical 
world, that there is a basic need not 
to overintellectualize and that it is not 
enough, if one wishes to understand 
and control what is happening, merely 
to satisfy theoretical passions by devis­
ing symmetrical, logical and solvable 
equations. Fermi wanted the books to 
balance, but he also wanted to keep 
within the budget of reality . A number 
of the papers are written with collabo­
rators (among them Herbert L. Ander­
son, C. N. Yang, Leo Szilard, Bernard 
T. Feld, W. H. Zinn, John and Leona 
Marshall, S .  Chandrasekhar), but al­
ways, when he is a coauthor, one marks 
the influence of his style, of his way of 
thinking. 

The value of the book and its attrac-
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ANNOUNCING THE PUBLICATION OF 

EDWIN F. TAYLOR Massachusetts Institute of Technology 

JOHN ARCHIBALD WHEELER Princeton University 

THE CONCEPTS OF RELATIVITY are fundamental to a modern under­

standing of the physical world. Fortunately, these concepts can to­

day be mastered by virtually any intelligent person, although at one 

time they eluded some of the best minds of the twentieth century. 

We now know that understanding relativity is basically a matter of 

developing a certain kind of intuition - a practiced way of seeing. 

Spacetime Physics is an elementary, yet sound and rigorous, 

introduction to relativity. It is designed to lead the reader well along 

the path toward a mastery of the subject and toward an understand­

ing of it as the cornerstone of physics. 

The book is based on the first part of a freshman physics course 

developed at Princeton University by John Archibald Wheeler, a 

world authority on relativity. Cooperating with Professor Wheeler 

in teaching this course was Edwin Taylor, now a Visiting Associate 

Professor of Physics at M.l. T. The authors employ many peda­

gogical tools-such as parables, diagrams, marginal notations and 

figures, and more than 100 provocative, original problems - to 

acquaint the reader with the properties of spacetime. By presenting 

these properties over and over again in different contexts, they help 

the reader develop the practiced way of seeing that is the basis of a 

true understanding of relativity and of all physics. 

Ready this month, approximately 200 pages, $4.75 

Spacetime 
Physics 

I enclose payment of $ (California residents add 4% 
sales tax). Send me, postpaid, copy(ies) of SPACETIME 
PHYSICS. I understand that if I am not satisfied the book may be 
returned for full refund within 10 days after it is received. 

NAME __________________________________________________ __ 

ADDRESS ________________________________________________ __ 

Fig. 3,A. Jules Verne believed that a 
passenger in a free projectile would 
stand on the side of the projectile near­
est to the earth or moon, whichever 
had greater gravitational attraction­
but that the dog would float along 
beside the projectile during the entire 
trip. 

Fig.3,B. Correct prediction is that a 
passenger would float with respect to 
the projectile during the entire trip. 
Verne was correct about the motion of 
the dog . 

• 
660 Market Street, San Francisco, California 94104 

W. H. FREEMAN AND COMPANY Warner House, 48 Upper Thames Street, London, E. C. 4 
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tiveness to the reader is enhanced by 
the excellent introductions to the pa­
pers, most of them written by his co­
worker Anderson. They are literate, 
filled with information about not only 
context and content but also the sur­
rounding circumstances. Many of the 
anecdotes are well known, having ap­
peared in Laura Fermi's book about her 
husband, but not a few are less familiar 
and, in any case, worth hearing again. 
The paper on neutron production and 
absorption carries a note stating that 
this was "the first and also the last ex­
periment in which Szilard and Fermi 
collaborated."  Szilard's way of working 
on an experiment, says Anderson, "did 
not appeal to Fermi. Szilard was not 
willing to do his share of the experi­
mental work, neither in the preparation 
nor the conduct of the measurements ."  
In another note one learns that Arthur 
Holly Compton was at the beginning 
quite cautious in his conversations with 
Fermi for "security reasons"; he could 
not bring himself to trust "a recently ar­
rived emigre." Then Fermi stepped to 
the blackboard at Columbia University 
and worked out for Compton, accord­
ing to Compton's own account, "simply 
and directly, the equation from which 
could be calculated the critical phase 
of a chain reaction." Even this did not 
fully satisfy Compton; a year later, 
when the Du Pont company inquired 
as to the trustworthiness of certain emi­
gres, he "did not say directly that Fermi 
was all right, but stated that he had 
gone through Fermi's calculations him­
self and found the same results ." As the 
atomic-bomb project got under way 
Fermi found he no longer had the time 
to participate directly in the experimen­
tal work. He had to have the experi­
ments done and then examine the data 
himself for analysis. This was certainly 
not to his liking; he commented wryly 
to Segre that he was "making physics 
by the telephone." 

Notes by Mrs. Marshall and others 
provide illuminating comments about 
Fermi's habits and characteristics, his 
apparent indifference to politics, eco­
nomics, philosophy and the visual fine 
arts, his extraordinary physical insights, 
his vigor and competitiveness, his gaiety 
and informality. Altogether this is a 
most likable work as well as an invalu­
able one, skillfully and imaginatively 
edited and worthy of the man it me­
morializes. 

CHEESE, by J .  G .  Davis. American 
Elsevier Publishing Company, Inc. 

($28). Cheese is defined as "the curd or 
substance formed by the coagulation of 
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the milk of certain mammals by rennet 
or similar enzymes in the presence of 
lactic acid produced by added or ad­
ventitious microorganisms, from which 
part of the moisture has been removed 
by cutting, warming and/or pressing, 
which has been shaped in a mould, and 
then ripened by holding for some time 
at suitable temperatures and humidi­
ties ."  The milk of the cow, goat and 
sheep is most commonly used, but one 
can also use the milk of the buffalo, 
horse, reindeer and ass. There is archae­
ological evidence that cows were milked 
into tall jars more than 6,000 years ago, 
and it is known that cheese was being 
eaten in Asia several thousand years 
before Christ. Cheese is mentioned in 
ahnost all the classics of the world's 
literature, including the Bible (David 
carried 10 cheeses to the army before 
he slew Goliath) . It was prized by the 
Egyptians and the Greeks ; the Romans 
so esteemed it that they used the word 
case liS (Latin for "cheese") in referring 
to the lady of their choice. The earliest 
efforts at cheese making in the true 
sense were probably those of the Aryans 
in central Asia. They were noted herds­
men and appear to have subsisted large­
ly on the products of their herds. In 
their search for better grasslands they 
finally migrated to Europe and took 
their dairy arts with them. At the height 
of the Roman Empire dairying and 
cheese making became important indus­
tries. 

The number of varieties of cheese 
made throughout the world today is 
very large. Some hundreds of names are 
in use, although all can be classified 
into about 20 types, from hard (Par­
mesan and Cheddar) to soft (Cam­
bridge), slimy and moldy (Limburger 
and Camembert) and mold-ripened 
(Roquefort) . Many modern types are 
thought to be centuries old. Roquefort 
has a history going back 1 ,000 years; 
it is mentioned in the records of the 
monastety of Conques in 1070. The 
French were making Gruyere in Doubs 
in 1288; the Italians, Gorgonzola and 
Parmesan about 1200; the first coopera­
tive cheese factory was started in Voral­
berg in the Balkans about 1380. From 
Roman times to the 17th century there 
were few improvements in cheese mak­
ing, but from about 1600 there was a 
steady increase in the efficiency of the 
dairy industry, the work invariably 
being carried out by women. (The word 
"dairy" is derived from the Middle 
English "deirie : deie = female servant.") 
The latter part of the 19th century saw 
the introduction of the factory system 
throughout the cheese world, the 

foundations having been laid, it is be­
lieved, in New York by Jesse and 
George Williams. Major steps in the 
advance of cheese technology, all of 
which have occurred during the past 75 
years or so, are the commercial prepara­
tion of rennet (a complex enzyme that 
clots the milk) , the introduction of pure 
cultures of lactic streptococci as "start­
ers" (which sour the milk at a quick 
and steady rate), the pasteurization of 
cheese milk to destroy harmful micro­
organisms, and refrigerated ripening 
(which was introduced in the U .S .  and 
made possible the manufacture of proc­
essed cheese). The world produces 
about 300 million tons of milk annually, 
of which 10 percent is used to make 
around three million tons of cheese. The 
annual per capita consumption in Brit­
ain is about eight pounds; it is some 
two pounds in the world as a whole. 

These two volumes are the beginning 
of a projected four-volume treatise on 
the scientific, technological and practi­
cal aspects of cheese. The first volume, 
in addition to providing a historical sur­
vey, discusses such topics as the scien­
tific basis of cheese making, the classifi­
cation of cheeses, cheese institutions 
(because monks have played a signifi­
cant role in the history of both cheese 
and wine, the names of monastic or­
ders, monasteries and abbeys have been 
given to several varieties, for example 
Trappist and Port Salut), the qualities 
of milk essential to making good cheese, 
the nature and behavior of starters, the 
preparation and properties of rennet, 
cheese additives, traditional and mod­
ern cheese-making equipment, the 
packaging, ripening and storage of 
cheese .  The second volume consists of 
a bibliography of more than 6,500 
items, with a comprehensive index 
keyed to it. The third and fourth vol­
umes are to cover manufacturing meth­
ods, economic and legal aspects and 
related scientific topics. 

This is a definitive work addressed 
primarily to cheese makers, but almost 
everyone will find in it facts of uncom­
mon interest. 

McGRAw-HILL ENCYCLOPEDIA OF 

SCIENCE AND TECHNOLOGY, edited 
by David I .  Eggenberger, Daniel N.  
Lapedes and others . McGraw-Hill Book 
Company ($295) .  The second edition of 
this excellent compendium has been 
substantially revised. It contains some 
150 new articles on such topics as ab­
scission, military aircraft, cardiovascular 
disorders, dune vegetation, insect pa­
thology, the laser, space navigation and 
storm detection, and an equal number 
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col lege degrees and appropriate experience.  We need 
qualified Electri cal Engineers , Mechanical Engineers, 
Industrial Engineers and Plant Engineers . 

We need qual ified professionals in al l phases of 
Development, Manufacturing, Programming, Space 
Systems and Research. 

And there are other immediate openings, too. For 
Facilities Engineers , Statisticians, Systems Analysts 
and Sales Engineers. 

·Once your Data-Pak is returned to IBM and 
acknowledged, you' l l  know you're getting a clear shot at 
developing opportunities throughout IBM - the leader 
in the maj or growth industry : information processing 
and control . You'l l  know you could have the 

. 
opportunity of a l ifetime - the opportunity to work 
for an exciting company that offers stability and 
real growth potential . And more importantly, all the 
accompanying personal rewards. 

So, even if you're not contemplating a move right now, 
let IRIS put your resume "on top" for hundreds of 
exciting opportunities at IBM. 

Who knows what career challenge the next two years­
and IRIS - could bring? 

IBM is an Equal Opportunity Employer 

SEND FOR YOUR IRIS DATAcPAK NOW ! 

Coleman Mandelblit, Dept. 659T 
Professional Staffing 
IBM Corporate Headquarters 
Armonk, New York 10504 

IBM ® 

I am interested in career opportunities with IBM. 
Please send me the IRIS Data-Pak. 

Name 

Address 

City State Zip Code 

Degree Present Job Title 

139 

© 1966 SCIENTIFIC AMERICAN, INC



B R I N K MANS H I P  AT N IAGARA FALLS 
We were astonished to fi n d  t h a t  an 8 x l O  enlarge­
ment of this Questar high-resolution closeup had 
the quality we would expect from a press camera 
only a few feet away. As this log teetered here 
on the brink for a few moments, perhaps you can 
see how tiny droplets of water were stopped cold 
a t  f/ 1 8 ,  on Tri-X film at 1 /500 second. Please 
notice the tremendous depth of field ! That's what 
small aperture and great distance make possible. 
The grain was negligible, too, so we doff our 
hats to Kodak for this splendid negative material. 
Camera was a Questar-modified Nikon F, avail­
able only through us. 

We left the sprocket holes on this section of 
35-mm. film for you to see. I t  is always nice to 
publish a closeup picture that could not possibly 
have been faked, save perhaps from a balloon. 
We doubt if any other telescope �ould take so 
sharp a picture, for many reasons. 

Each Questar is a labor of love. There are less 
than 3000 of them throughout the world today. 
We make only a few hundred each year, and 
offer for sale only those whose optical quality 
has been verified as superfine by testing on real 
stars at  night. Since Questars can excel only by 
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astonishing performance and perfection of image, 
we must take great pains to make sure each one 
is a triumph of the optician's art, no matter how 
long this takes, or how many a ttempts do not suc­
ceed. N o  lens or mirror is interchangeable ; each 
set is matched by selection and then "married" 
by aspheric hand-retouching. Most of today's 
Questars have mirrors of temperat ure-shock­
resistant quartz, the best material obtainable. 
We have made this precious crystal available 
since 1957, with the result that nearly all  the 
q uartz-mirrored telescopes i n  the worJd are 
Questars. Each lens-mirror set is held in only 
one rotational position. The lens must drop otf­
axis by .00 1 5  inch, and then be free of all con­
straint in its precision cell, since any slightest 
pressure from a retaining ring would derogate 
the image. Thus the lens of every Questar ever 
made should rattle when you shake the tube. 

The old saying that "trifles make perfection, 
but perfection is no trifle" seems very true to us 
who find ourselves every day in the trifle business. 
Only when we get each trifle just right can we 
send another beautiful l ittle Questar into the 
world with pride and satisfaction. 

Questar is  the finest and most versatile small 
telescope in the world. Prices begin at $795. 
Send for your copy of the new 40-page booklet 
with 8 pages of color and much general infor­
mation, with essays on optics, seeing and tele­
s c o p i c  p h o t o g r a p h y .  One d o l l a r  p o s t p a i d  i n  
U .  S . ,  Mexico and Canada. B y  air t o  West 
Indies and Central America, $2.30. By air to 
Europe, N .  Africa and S.  America, $2.50. By 
air to Australia and elsewhere, $3.50.  

Q U IE s) 1rA� 
BOX 2 0  NEW H O P E ,  PENNSYLVANIA 

of entirely rewritten articles ranging 
from atomic constants, terrestrial gravi­
tation, bioluminescence, oncology (the 
study of tumors) and germ-free verte­
brates to the shock absorber, the toma­
to and automotive suspensions .  In ad­
dition some 1 ,500 articles nave been 
amended to provide for later statistics, 
new bibliographical entries and the like. 
Of the many illustrations roughly 1, 100 
have been revised, replaced or added. 

The McGraw-Hill, although the star 
in its field, has limitations . Its compre­
hensiveness in the physical and natural 
sciences, for example, is not matched 
by the treatment of the social sciences . 
To make up for the lack of biographical 
coverage a new volume has been issued 
that gives information on living scien­
tists; there is also a separate volume 
devoted to bibliographical information. 
The additions and revisions in the sec­
ond edition do not, of course, make the 
first obsolete, particularly since the pub­
lisher puts out annuals to keep the en­
cyclopedia up to date, but anyone 
working in science and technology who 
can afford the expense will find the new 
set well worth it. 

kCIENT . EUROPE, by Stuart Piggott. 
Aldine Publishing Company ($7.50) .  

An engrossing survey of the main lines 
of European prehistory from the be­
ginnings of agriculture to classical an­
tiquity. Piggott modestly describes his 
survey as "a sketch, an essay in inter­
pretation," but in its clarity, richness of 
detail and mastery of a large, sprawl­
ing, rapidly growing body of knowledge 
it is the most satisfying book of its kind 
in a long time. One of its interesting 
features is elucidation of the interdis­
ciplinary attack on problems of prehis­
tory, involving the help of botanists, zo­
ologists and specialists in the physical 
sciences. As Piggott points out and as 
his account demonstrates, this joint ap­
proach has enabled archaeologists to 
make some of their most significant ad­
vances in recent years, enriching man's 
knowledge of his relation to his environ­
ment, how he has exploited it and how 
his culture has been affected by his 
habitat. The cooperation of botanists 
has promoted the study of transforma­
tions in the natural plant cover by the 
examination of pollen grains that sur­
vive in peat and mud; researches begun 
in Scandinavia have established a long 
sequence from glacial and postglaCial 
times showing the changes in forests 
caused by changes in climate. Zoologi­
cal cooperation has widened knowledge 
of hunting practices and of food habits, 
which also broadens and deepens the 
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At Long Last-Gra ph ic  Sol ut ions to Myriad Eq uat ions 
1"rE==::;;;'1 A FANTASTIC N EW B U S I N ESS TOOL 

Checks ,  M ea s u res ,  Exper i m e nts ,  Solves 

MOIRE PATTERNS KITS 
lOa's  OF I N D U ST R I AL A P PL I CAT I O N S  

Square (Kit "B") Spiral (Kit "B") 
Incredible new tool of visual technology. Demonstrates 
many advanced physics concep t s .  Applications to 
probabilit y theory,  I nformation theory including removal 
of noises In signals. Also demonstrates theory of pers pec­
tive, l>otentlal theory and physica.! optics. Now used by re­
searchers,  designers. inveCltors.  Creates fantastic visual 
eflect s.  Em ployed with uncommon success in packaging, 
textiles and g raphic arts.  Forms basis for "OP-ART , "  
"OP-DE S I G N S , "  "OP-EQUAT r O N S . "  Range ot math 
problems from simple arithmetic to calculus o( vectors.  
Measures dl1lractlon pattern movement produced by 
lasers. Gauges diffusion ot m olecules in solution o r  heat 
waves. Evaluates liquid How. stress lines, distortion at 
metals. Measures elastic moduli. Elements used include 
equi-spaced linear. logarithmiC and circular ruli ngs.  
Developed and simplified tor business and SCientific uses 
by Dr. Gerald Oster. B rooklyn Poly. lnst. Kit contains : 
8 basic patterns on both clear acetate in lantern slIde 

��:-;i���x
3
4� rxOl�"" 

tr.bCt�" 
a�gi���t�:ar°:;t:�e�te

3����� 
1 5D-dot screen on fi l m ;  copy ot D r .  Oster' s book. "The 
Science or Moire Patterns" -an Int roduction to this 
new world o( visual technology. 
Sto c k  No. 7 0 , 7 1 9 - 5  ( K i t  A) . . . . . . . . . . . . . .  $8.50 P p d .  
Stoc k N o .  6 0 , 4 6 4 - 5  ( W i t h o u t  b o o k) . . . . . . . $ 6 . 5 0  P p d .  

See the  Sta rs , Moon ,  Planets C lose U p l  
3 "  Astronomical  R ef l ecting Tel escope 

(Famous Mt .  Pa lomar Type) 
See the stars, moon, phases ot 
Venus, planets close up! 60 to 180 
power-famous Mt. Palomar Re­
t l e c t l n g  t y p e .  U n u s u a l  B u y ! 
Equipped with Equato rial mount; 
finder telescope, hardwood t ripod. 
Included Free: " STAR CHART " ;  
2 7 2 - p a g e  · · H A N D B O O K  O F  
HEAVE N S· · ;  · ·HOW TO U S E  
Y O U R  TELESCOPE··  book. 

. .  $29.95 P p d .  
4 v.. i'� ';A';;',,=-ro":n:":o-'m":'j:-,'-al=-'R=-e'-fl=-'e'"'ct":'o'-r'=T=-'.:-le"'-'sco pe 1 

45-270 Power. New Vibration Free Metal Pedestal Mount. 
Stock No. 85,105-5 . . . . . . . . . . . . . . . .  579.50 F.O.B. Barrington, N.J. 

SUPERB 6" REFLECTOR TELESCOPE! 
I n c .  electric c l o c k  drive. eetting circlee. equatorial mount, pedestal base. 
4 eyepieces for up to 576X. Teflon bearingll. 
Stock No. 85.086-5 . .  . . . .  5199.50 F.O.B. Barringto n ,  N . J .  

SOLID WOODEN PUZZLES 
1 2  Different puzzles that will 
st imulate your ability to think 
and reason. Here is a tasclnat­
Ing assortment ot wood puzzles 
that will provide hours o( plea­
sure. Twelve different puz zles, 
animals and geometric forms 
t o  take apart and reassemble, 
give a chance (or all the (amlly. 

young and Old. to test skill,  patience and, best or all,  to 
stimulate abllity to think aud reason while baving lots 
of tun.  O rder yours now. 
Sto c k  N o .  7 0 , 2 0 5 - S  . . . . . . . . . . . . . . . . . .  $ 3 . 0 0  Post p a i d  

Fascinating Top Adaptation of Binary Digital Computer 
BEAT " D R .  N I M "  IN AN CIENT GAM E ! 

Not easy. but tun (or all ! Th rilling 
tor youngsters. Challenging f o r  
adul t s .  Teaches computer funda­
mentals.  without need for mathe­
mat ical abUit y .  To play, release 1 
to 3 marbles tor roll down plastic 
game board th rough series of flip­
Hop channels. How you SET fllp­
flops to begin and path ot t ravel 
tor each marble, determines path 

o( succeeding marbles. All plays predictable. Now D R .  
N I M  automatically plays 1 .  2 or 3 marbles. I f  y o u  can 
make him take the last marble you win ! Game great tor 
playroom and parties. year-round fun. Du rable red & 
white plastic 1 1 % "  x 1 2 V2 "  x 1 V2 ". 24-p. I n s t ruction 
Booklet. 
Stock N o .  70,816-S . . . . . . . . . . . .  S2.98 P pd.  
Ma ke You r Own Powe rfu I Astronom ica I Teles cope 

G R I N D Y O U R O W N  
A ST R O N O M I C A L  M I  R ­
R O  R .  1< I t s  contain fi n e  an­

nealed pyrex mirror blank. 
tool.  abrasives. diagonal 
mirror and eyepiece lenses. 
You can build inst ruments 

_.";; __ . _"",,"_:
to hund���: ot dollars. 

5 7.50 
11.95 
19.50 

�g:�� J 
Ppd. 
Ppd. 
Ppd. 

f.o.b. 
Barrington 

MAil COUPON FOR FREE CATALOG'  
I Completely New 1 966 Edilion 

l E D M
1 �� �a��siE��ir�"i ci5g��a'9ain' 

I Ba r r i  n g to n New J e r.ey 08007 

I Please rush Free Giant Catalog S 

I Name .. . . . . . . . . . . . . . ..... .. . . .. . .. .......... . ... ... .. . ..... . .. ...... r�:.!,!.j�!Io'J 
I Address . . . . . ... .. . .. ............. . 
I CltY . . . . . . ........... . . ........... State . . . .. . . . .  Zlp . .. .... .... ��!!i!e!J 

NOW AVAILABLE IN FULL COLOR 
Wait ' t il you see the lantastlc rainbow ot color-all 8 
patterns in Deluxe Kit "A" in tull t ransparent colors, 
red, yellow, blue and black (40 pes.) plus inst ructions. 
Sto c k  No. 6 0 , 5 3 0 - 5  . . . . . . . ( K i t  A) . . . .  $1 2 . 5 0  P p d .  

N E W  DE LUXE EXPERIMENTERS' MOIRE K I T  "B" 
Eight new, totally different black and white patterns. 
including 30 line logarithmic spiral (illustrated above­
most compelling of all figures) : Coarse sines ; 65 line 
sines ; perspective squares ; medium grating ; Gaussian 
g rating ;  converging circles ; elliptical zone plate; plus 
Inst ructions by D r .  Oster. 
Sto c k  No. 7 0 , 79 0 - 5 . . . . . . .  $6.00 P p d .  
N E W  M O l  R E  K I T  " B" I N C O L O R .  8 new patterns 

above in red, yellow, blue and black ; with Inst.  by 
D r. Oster. 
Stock No. 6 0 , 5 3 1 - 5 . . . . . . . . . . . .  $1 2 . 5 0  P p d .  
N E W  J U M B O 20" x 2 5 "  M O I R E  PATT E R N S . Excel­

lent tor displars and Signs. Write for details and prices. 

M O l  R E  P A TT E R N  A C C E S S O R Y  K I T . For addition­
al experiments. Contains met allic balloon. calcite, two 
kinds of diffraction gra.tings, one-way mirror fHm, polar­
izing materials. Ronchl ruUngs. assortment of lenses. 
Sto c k  No. 6 0 , 4 8 7 - 5  . . . . . . . . . . . . . . . . . . . . . .  $8.00 P p d .  

SOLVE PROBLE M S !  T E L L  FORTUN ES !  PLAY GAMES I 
NEW WORK ING MODEL 

D IGITAL COMPUTER 
M I N I AT U R E  V E R S I O N  O F"  

G I A N T  E L E C T R O N I C  B R A I N S  
FUllcinating new see-through model <.:omputer 
actually solves problems. teaches computer 
fundamentals. Adda. lIubtracts. multiplies. �hift�. com·)lements. carries, 
memorizes, count�. compares. lIequences. Attractively colored, rigid plas· 
tic parts easily assembled. t 2 ·  x 3 J.-S ·  x 4 � ·. Inc!. step-by·step a�sembly 
diagrams. 32-page instruction book covering operation. computer lanaUllge 

.... (binary system). Ilrogramming. problems and 1 5  experiments. 
Slock No. 70,683-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  $5.98 P p d .  

DETAI LED PROGRAMM I N G  BOO KLET FOR EXPERIM ENTS 
Stock No. 9080-5 . . . . .  (50 Pages) . .  . . . .  51.00 Ppd. li SCIENCE TREASURE C HESTS 

Science Treasure Chest-Extra-powerful mag· 
nets, polarizing filters. compa�lI. one-way mirror 
film. prism, diffraction grating and lots of other items 
for hundreds of thrilling experimf'nts. plull a Ten-Lens 
Kit for making telellcoocs. microscopes. etc. Full in-

_ struction9 included. 
Stock No. 70,342-5 . . . . . . . . . . . . . . . .  55.50 Postpaid 
Science Treasure Chest DeLuu-

Stock No. 70,343-5 . . . . .  510.50 Postpaid 

War Su rplus ! A m e rican-Made 
7X50 BINOCU LARS 

Up fo 3N Working Distance 
Wide 3 Dimensional Field 

Used in production, in research o r  at 
home; f o r  inspections, examinations. 
counting. checking, assembling. 2 sets 
ot objectives on rotat ing turret, S t and­
ard pair ot wide field lOX Kellner Eye 
pieces give you 23 power and 40 power 
clear, sharp, erect image. Heltcal rack 
and pinion tocusing. Interpupillary dis­
tance adjustable. So good we'll S H I P  
on l O - D A  Y F R E E  TRIAL. 

No. 8 5 , 0 5 6 - 5  . .  f u  I I  p r i ce $99.50 F.O. B .  

" Ba l l s o f  F" u n " f o r  K i d s  . . .  T r a ffi c  S t o p pers f o r  
S t o r e s  . . .  T e r r i fi c  f o r  A m a te u r  M eteoro l o g i sts . . .  

SU RPLUS GIANT WEATHER BALLOONS 
A t last . . .  available again in big 
8-tt. diameter. Create a nelghbor� 
hood sensation. G reat backyard 
(un. Exciting beach att raction. 
Blow up with vacuum cleaners or 
auto aIr hose. S t u rdy enough tor 
hard play; all other uses. Filled 
with helium (available locally) . Use 
balloons high In the sky to att ract 
crowds, advertise s t o re sales. an­
nounce tair openings. etc.  Ama­
teur meteorologis t s  use balloons 

t o  measure cloud heights, wind speed. tem perature, 
pressure. humidity a t  various heigh ts.  Photographers 
can utilize tor low-cost aerial photos, Recent GOy' t 
surplus o( heavy. black neoprene rubber. 
Stock No. 6 0 , 5 6 8 - 5  . . . . .  , . . . . . . . . . . . . . . . .  $ 2 . 0 0  P p d . 

SLIGHTLY HEAVIER RUBBER-LATER MANUFACTURE I 
S t o c k  N o .  6 0 , 5 6 2  .. 5 . . 4 ft. d l a m  . •  i ze . . . . . .  $ 2 . 0 0  P p d .  

ORDER BY srOCK NUMBER ' OPEN ACCT T O  RATED FIRMS · SA TISfACTION GUARANTEED' 

E DMU ND SCIE NTIFIC CO.,  BARR INGTON, NEW J ERSEY 0 8 0 0 7  

1 42 

archaeologist's grasp of the basic eco­
nomic struggle of some of the oldest 
societies . This copiously illustrated work 
is highly recommended. 

GENERAL INVESTIGATIONS OF CURVED 

SURFACES, by Karl Friedrich Gauss, 
translated from the Latin and German 
by Adam Hiltebeitel and James More­
head. Raven Press ($3 .95) . UNTER­
SUCHUNGEN VBER HOHERE AruTHMETIK 
(DISQUISITIONES AruTHMETICAE), by 
Carl Friedrich Gauss. Chelsea Pub­
lishing Company ( $ 8 .75) .  DISQUISI­
TIONES ARITHMETICAE, by Karl Fried­
rich Gauss, translated by Arthur A. 

Clarke. Yale University Press ($ 12.50) .  

In 1 820 the government of Hanover 
asked Gauss to make a geodetic survey 
of the entire kingdom. Performing this 
task with his usual skill, Gauss brought 
geodesy to maturity as a science. Some­
thing more came of the work : a series 
of mathematical discoveries that Gauss 
presented to the Royal Society of Got­
tingen in 1 827 in a paper on the theory 
of surfaces . The volume translated by 
Hiltebeitel and Morehead contains the 
Gottingen paper, an earlier paper of 
1825 and related writings. These com­
prise Gauss's theory of surfaces, de­
scribed by Richard Courant in his in­
troduction as "a classical masterpiece in 
content and form." The major contribu­
tion of the papers is the definition of 
surface curvature and the theorem that 
this Gauss curvature is invariant under 
certain deformations. Gauss's concepts 
in this area, later generalized by Bern­
hard Riemann, are essential to the 
theory of relativity and can be said to 
have established modern differential ge­
ometry. The other two volumes are a 
Gelman translation of Gauss's incom­
parable Disquisitiones Arithmeticae, 
first published in 1801,  and the first 
translation of the work into English. 
It is astonishing that this magnificent 
achievement, the source of the ideas 
from which modern number theory was 
developed, has so long been unavailable 
in English. Now we can be grateful for 
Clarke's faithful service and for its ap­
pearance in a handsomely printed book. 

WIND WAVES: THEIR GENERATION 

AND PROPAGATION ON THE OCEAN'S 

SURFACE, by Blair Kinsman. Prentice­
Hall, Inc. ($23.35) .  This is a sprightly 
survey of present knowledge about 
wind-generated ocean surface waves, 
which considers in some detail both the 
complex theoretical side of the subject 
and the practical side : how wave mea­
surements are made, how the data are 
handled and how the results are inter·· 
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preted. Kinsman, a seasoned yachtsman 
as well as an oceanographer, devotes a 
major part of his large monograph to 
mathematical analysis of the problems, 
but the text itself is lively, personal and 
full of agreeable commentary and side­
lights. The book has good illustrations 
and a substantial bibliography. 

Notes 

NAVEN, by Gregory Bateson. Stan­
ford University Press ($2.95) .  A soft­
cover reissue of the second edition of 
Bateson's highly regarded anthropologi­
cal study of the Iatmul people of New 
Guinea, Naven being the name of one 
of their ceremonials that honors mem­
bers of the tribe on the completion 
of notable accomplishments, "among 
which homicide ranks highest." 

THE FOUNDATIONS OF MATHEMATICS, 

by Evert W. Beth. Harper Torchbooks 
($4.45) .  This major study in the philoso­
phy of science first published in 1959 
now appears in soft covers. A number 
of corrections of varying importance 
have been made for this edition by 
Beth's widow, together with brief addi­
tions to the text and to the bibliograph­
'ical notes, almost all of them composed 
by the author himself. 

MAGAZINES IN THE 20TH CENTURY, 

by Theodore Peterson. The University 
of Illinois Press ($7 .50) .  An enlarged 
and revised edition (the first edition ap­
peared in 1956) of a readable history of 
the magazine industry in the 20th cen­
tury. It is a story full of dramatic ups 
and downs, telling of the disappearance 
of a number of long established publica­
tions and of the sudden rise to mass 
popularity and afRuence of an even 
larger number of newcomers. 

SURGERY IN AMERICA, edited by 
A. Scott Earle. W. B. Saunders Com­
pany ($8 .50) .  A selection of American 
surgical writings from colonial times to 
the 20th century, including a number 
of classical papers. A major merit of this 
work is the readability of the material 
and the vivid portrayal of operations in 
various periods. 

HERMANN VON HELMHOLTZ, by Leo 
Koenigsberger. Dover Publications, Inc .  
($2 .25) .  A republication in soft covers 
of the English translation of a sound bi­
ography of this extraordinary scientist 
who added richly to fields ranging from 
theoretical physics to medicine and bi­
ology and who was also one of the fore­
most teachers of the 19th century. 
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from "Iandship" to battle tank 
It was Churchill who early in World War I fostered the idea 
of a vehicle capable of breaching enemy trenches with com· 
plete immunity to machine gun·fire and barbed wire. 
Through the foresight and initiative of this great soldier· 
statesman the tank came into being as a decisive Allied 
military weapon in two world wars. 

Modern tanks with their mobile and extremely accurate 
fire·power bear little resemblance to the "Iandships" that 
saw action on the Somme and at Cambrai. AC Electronics 
is playing an important role in making today's mobile army 
the most efficient fighting force in the world. 

Today at AC, fire control systems are being developed 
for the coming generation of military land vehicles. Sub· 

system effort includes weapon stabilization and control, 
optics, laser range finding and fire control computers. 

For more than fifteen years, AC has been a pioneer and 
earned a position of leadership in the design, development 
an� production of precision navi· 

AC ELECTRONICS 
gatlOn systems for land, sea, air 
and space vehicles, and this 
technology is now being utilized 
to support today's mobile army. 
For further information, contact 
Dir. Sales·Engineering, AC Elec· 
tronics Division, General Motors 
Corp., Milwaukee, Wisc. 53201. MASTER NAVIGATORS THROUGH TIME AND SPACE 
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shaping new links in man/computer communications ... 

MAN IN OVER HIS DEPTH: survival beneath the sea 
is studied with Scripps' CONTROL DATA® 3600 

Man's capacity to operate in hostile environments is the 
subject of this project, utilizing the CONTROL DATA 3600 

computer system at the University of California, San Diego, 
Scripps Institution of Oceanography. Many know it as the 
widely publicized Navy Sealab-II experiment. 

A submersible habitat was lowered 205 feet to the ocean 
floor. In and outside it, specialists lived and worked for 
weeks, accumulating volumes of data on the environment ... 
state of the men ... tasks undertaken ... equipment and 
materials employed. An enormous amount of basic informa­
tion, all for ultimate computer correlation and study. 

One of the largest computer systems on any university 

campus, this Control Data system is serving many vital 
programs. For instance, studies grouping species found in 
waters around the world according to frequency of occur­
rence; analyzing their relationship to environmental parame­
ters, and inter-relationships within each group. 

Control Data computer systems ideally serve the needs of 
science, providing highly productive man/machine relation­
ships. For information relative 
to your, particular goals, con­
tact your Control Data repre­
sentative. Or write our Minne­
apolis office direct. Dept. E-66. 

CONTROL DATA 
CORPORATION 

8100 34th AVE. so., MINNEAPOLIS, MINNESOTA S5440 
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