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Dallas ... a busy, prospering commercial 
center and Showplace of the Southwest. A bright, 
shining ever-changing city where the new is com
monplace. 

Look behind the splendor and the bright 
lights and you'll see that Dallas is also a Phelps 
Dodge city. Our condenser tubes are used at the 
generating plants of the Dallas Power and Light 
Company. Our 135-kv transmission cables and 
other high-voltage power cables distribute power 
throughout the city ... and the transformers, coils 
and motors wound with our magnet wire make 
things happen ... from the flashing signs down
town, to factories along the river . .. to homes, 

stores, and offices everywhere. 
Go north on Stemmons Freeway, or west 

to Fort Worth on the Turnpike, or south on I-45 
and Phelps Dodge buried lighting cables, telephone 
or coaxial CATV cables are following alongside. 
You'll also find our building wire and aluminum 
conduit ... our plumbing, gas and refrigeration 
copper tubing at work everywhere. Many new 
buildings, like the Statler Hilton Hotel, use PO 
building wire and copper tubing exclusively. 

We specialize in conductors of electricity, 
liquids, gases and heat made of copper, aluminum 
and alloys. Look closely, and you'll find Phelps 
Dodge products at work everywhere. 
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Return a Hertz 
car in 25 seconds 

or less. 

CHERTl SYSTEM, INC., 1968 

Just write the mileage in the space provided on your rental envelope. 

We know what it's like to stand in line. 
We may not stand in line at Hertz 

counters, like you. But we've served 
our time in lines at airline counters 
and hotel counters, etc. 

And it is this knowledge that has. 
led us to the invention of the Express 
Check-in. 

If you're charging one of our 
Fords or other new cars, all you do to 
return it is write the mileage in the 
space provided on the rental enve
lope-we'll check it for you later. Put 
the keys inside. Throw it on the coun
ter or give it to an attendant and run. 

The whole process takes about 
25 seconds or less. Which is � 
very important if your 
plane happens to be taking /HerliZ

! off in 25 seconds or less. ® 

The biggest should do more. 
It's only right. 
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They handed us a hot potato. So we cooled it. 

Almost every job that comes to 
our Special Products Group is a 
hot potato in terms of technical 
capability. 

And for good reason: The sole 
assignment of this 600-man group 
of engineers and technicians is to 
design and build equipment for 
only the most unusual air condition
ing or refrigeration applications. 

Example: The Potato Hauler. ACF 
Industries wanted to redesign 
covered hopper cars so that they 
could be used to carry potatoes 
and other perishable produce. 

To get the very special refrigera
tion equipment this would require, 
ACF came to Carrier. 

Opening Requirements. For one 
thing, the refrigeration unit had to 
fit cramped quarters-the odd trap
ezoidal space at the end of the car. 
There could be nothing jutting out. 

It had to pre-cool the hoppers in 
advance of loading. And defrost 
itself automatically. It also had to 
provide heat whenever necessary. 

The Problem of Ducts. Some way 
had to be found to distribute cooled 
(or heated) air throughout the car. 
Without stealing space from the 
payload. 

It was discerned that the struc
tural steel side sills that support 
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the hoppers are hollow. "Ducts," 
said the engineers. 

After calculating their resistance 
and making sure they could handle 
enough air, these hollow side sills 
did,  indeed, become built-in, 
ready-made ducts. 

The Wham-Bam Factor. Regula
tions specified that the refrigeration 
unit be able to withstand longitu
dinal impact up to 15 Gs. Our 
engineers, who have designed air 
conditioning for all kinds of rolling 
stock (including Penn Central's 
new Metroliners), decided a safety 
margin was desirable. 

They designed the new unit to 
survive 25 Gs. 

A Matter of Degrees. Potatoes 
destined for the table should travel 
at slightly more than 40°F. A tem
perature just below 70° is ideal for 
chip potatoes. 

So the new refrigeration equip
ment is designed to adjust tempera
ture inside the hoppers to precisely 
the level required by each shipment. 

When it's 100° outside, the refrig
eration equipment keeps 160,000 
pounds of potatoes fresh with up 
to 34,000 BTU/hr. of cooling. In 
cold weather, the system produces 
heat-up to 54,000 BTU/hr.-to 
maintain correct temperature in
side the hopper cars. 

A thermostat tailors heating and 
cooling output to demand. 

Going to Market. At the storage 
depot, potatoes gently roll off a con
veyor, down a specially-desi g ned 
chute, into three top hatches of 
the insulated hopper cars. Without 
bagging, forklifting, manhandling 
-or damage. 

At their destination, they pour 
from discharge chutes at the bot
tom of the cars. 

This new use for hopper cars 
eliminates spoilage and lowers 
handling costs significantly. 

Our gO-day Wonder. Carrier's 
Special Products Group delivered 
their prototype unit to ACF Indus
tries three months after receiving 
the specifications. 

And went a big step further by 
converting the system to a one
piece package before filling orders 
for additional production units. 

Carrier's Special Products Group 
specializes in this kind of creative, 
on-time performance. 

I n aerospace. Oceanography. 
Military. Transportation. Industry. 
Food storage. In your field. 

We're at your service. 

Call or write: Special Products 
Group, Carrier Air Conditioning 
Company, Syracuse, N.Y. 13201. 
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At this season's high fidelity shows 
around the country, a Garrard SL 95 Automatic 
Transcription Turntable, powered with the new 
Synchro-Lab Motorn .. , plays a test record con
taining only a constant 1,000 cycle note ... up 
to 10 hours a day. The line input voltage is 
swept with a Variac transformer from 65 to 
135 volts, and back again ... every 10 sec
onds. During this large voltage variation, an 
electronic digital readout counter displays the 
true reading of the 1,000 cycle note, which 
is clearly audible, unwavering in pitch. 

The measured results are phenomenal: 

1. The digital readout counter shows a fig
ure up to three times better than the NAB 
standard of 3/10 of one per cent. 

2. This is proof that regardless of voltage 
conditions, the Garrard Synchro-Lab Motor 
maintains accurate speed for perfect musical 
pitch as recorded: 

3. It also proves that the Synchro-Lab Motor, 
locked into synchronous speed, has made vari
able speed controls, along with their strobe 
discs and special lighting, unnecessary for 
normal listening. 

All significant features of the SL 95 and 
other models in the Synchro-Lab Series"" are 
fully illustrated in a complimentary 24 page 
Comparator Guide. Write Garrard, Dept. AC169, 
Westbury, N. Y. 11590. 

British Industries Co .• a division of Avnet. Inc. 

.. 

THE COVER 

The pattern on the cover is part of a color thermogram, a representation in 
color of the temperature of an object. What this thermogram shows is a 
patch of the surface of the Connecticut River at a point where warm water 
from a power plant is discharged into the river. Heated effluent of this kind 
is considered an increasing threat to U.S. rivers and lakes (see "Thermal 
Pollution and Aquatic Life," page 18). The thermogram is made by an in
strument that measures the infrared radiation emitted by any body because 
of the thermal agitation of its molecules. The output of the infrared meter 
drives a color modulator that translates temperature into color. Here the 
wannest water, at about 83 degrees Fahrenheit, is shown in a dark magenta. 
Increasingly cool water is shown, in three-degree steps, in red, orange, yel
low, light green and dark green. The pattern is part of a larger thermogram 
showing how warm water spreads across the river at slack tide (see page 18). 
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How do you measure 
asournote 
optically? 

Ask the people at Hammond Organ 
It may be difficult to see the connection between a Nikon 

Profile Projector and, let us say, Bach's G minor fugue-until 
you discover how a Hammond organ gets its voice. 

Every note on the keyboard has a corresponding tone gener
ator, the heart of which is a small, rotating disc, about the size 
of a silver dollar. There are from 86 to 91 of these tone genera
tors in an organ, and as many discs, all spinning at a uniformly 
constant speed. 

Were you to examine one of these discs, you would discover 
a series of identical, small, scallop-shaped projections around 
the rim. As the disc turns, these projections pass through a 
magnetic field, setting up a minute flow of alternating current, 
which is amplified and fed to loudspeakers, where it is con
verted into sound. 

The number of projections around the rim determines the 
frequency or pitch; the shape and dimensions, the purity of 
the tone. Hammond design demands sine-wave, tonal purity. 

The harmonics and overtones re
quired for timbre and musical char
acter are obtained from the tones 
of other discs, added in variolls 
patterns of intensity. 

Any deviation in the shape of a 
projection, any dimensional inac
curacy by as little as .0002", will 
produce spurious, undesirable 

sounds-noise and distortion. Consequently, Hammond sub
jects these tone discs to rigid, 100% inspection. 

A Nikon profile projector (such as shown) is used for this 
purpose. It is essentially a projection microscope. A part (in 
this case, a tone disc) is placed on the stage. It appears as a 
magnified image on the screen, where dimensions, shapes and 
contours can be precisely measured or checked against mas
ter charts. 

Because of the degree of magnification and the absence of 
image distortion, repeat measurement accuracy is obtainable 
to within 0.0001" (twice that required to meet Hammond 
specifications). Moreover, inspection now takes less than one 
quarter of the time previously required. 

The Hammond story is only one example of Nikon optical 
equipment at work. It is the singular story of how a specific 
instrument has dealt with a specific inspection problem in 
quality control. 

There are many other such stories, in science as well as in 
industry, in education and communications, in photography 
and the graphic arts, dealing with almost as many different 
types of Nikon instruments as there are ways in which optics 
can serve these endeavors. 

If you are faced with a problem which seems to defy other 
methods of approach, let us show, you how 

Nikon can make light work for you. 
Instrument division I Nikon lric., Garden City, N. Y. 11530 • Subsidiary of Ehrenreich Photo-Optical Industries, Inc. 
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S Oxford� 
The Roe Deer 
of Cranborne Chase 
By RICHARD PRIOR. The growing impor
tance of establishing and investigating the re
lationship between organisms and their en
vironment is demonstrated in this volume. 
Every aspect of the natural history of a typical 
south-country community of roe-deer is exam
ined, and movement, feeding, and population 
dynamics are described with particular detail. 

Handbook of the Birds 
of India and Pakistan 

$7.00 

TOGETHER WITH THOSE OF NEPAL, 
SIKKIM, BHUTAN, AND CEYLON, VOL
UME J, DIVERS TO HA WKS 
By SALIM ALI; and S. DILLON RIPLEY, 
The Smithsonian Institution. This is the first of 
tcn volumes that will describe some 1,200 
species of birds that can now be seen on the 
Indo-Pakistan subcontinent. In this first vol
ume more than half of the birds are illus
trated in color and the text for each includes 
scientific and local names, size, field marks, 
distribution, habitat, general habits, food, 
breeding, and measurements_ $12.75 

A Stereotaxic Atlas of the Brain 
of the Cebus Monkey 
(Cebus apella) 
By SOHAN L. MANOCHA, TOTADA R. 
SHANTHA, and GEOFFREY H. BOURNE, 
Emory University. Because of its intelligence 
and its more attractive personality, the Cebus 
is an important alternative to the widely used 
Rhesus monkey for neuro-physiological and 
neuroanatomical studies. This stereotaxic 
atlas of the brain of the Cebus provides de
tails of all the important nuclei and fibre sys
tems, with their co-ordinates. 72 plates, 2 text 

figures. $6.25 

A German Source Book 
in Physics 
By K. B. BEATON, University oj Sydney; and 
H_ C. BOLTON, University oj Monash. De
signed as an aide for undergraduate or post
graduate students learning to read scientific 
literature in German, the selections in this 
volume are from original papers and important 
books published during this century that are 
significant in the development of physical 
ideas. The text has been annotated so that the 
linguistic complexities should not prove a 
hindrance to the understanding of the scien
tific content. Cloth, $11.20. Paper, $5.60 
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OXFORDW 

UNIVERSITY WI 

PRESS W 
200 Madison Avenue, 

New York, N.Y. 10016 

LETTERS 
Sirs: 

I am writing concerning Karl H. Pri
bram's interesting article "The Neuro
physiology of Remembering," published 
in your January issue. I wish to report 
the existence of a mathematical theory 
of learning, remembering and recall, 
having a plausible psychological, neuro
physiological and anatomical interpreta
tion, that has already given a rigorous 
form to Dr. Pribram's heuristic sugges
tion that neural "holograms" exist. A 
score of papers on this theory have al
ready appeared or are in press, and a 
monograph applying the theory to learn
ing phenomena was distributed from the 
Rockefeller Institute to more than 100 
laboratories in 1965. The first rigorous 
equations for the theory were derived in 
1959-1961 at Dartmouth College. 

The theory, whose mathematical ob
jects are called "embedding fields," has 
been used to study such diverse phe
nomena as bowing, anchoring, chunking, 
backward learning and reminiscence in 
serial learning; spatiotemporal masking 

Scientific American, March, 1969; Vol. 220, No. 
3. Published monthly by Scientific American, Inc., 
415 Madison Avenue, New York, N.Y. 10017; 
Gerard Piel, president; Dennis Flanagan, vice
president; Donald H. Miller, Jr., vice-president 
and treasurer. 

Editorial correspondence should be addressed to 
The Editors. SCIENTIFIC AMERICAN, 415 Madison 
Avenue, New York. N.Y. 10017. Manuscripts are 
submitted at the author's risk and will not be 
returned unless accompanied by postage. 

Advertising correspondence should be addressed 
to Allan Wittman, Advertising Manager, SCIEN
TIFIC AMERICAN, 415 Madison Avenue. New York, 
N.Y. J0017. 

Offprint correspondence and orders should be 
addressed to W. H. Freeman and Company, 
660 Market Street, San Francisco, Calif. 94104. 
For each offprint ordered please enclose 20 cents. 

Change of address (or other subscription cor
respondenee) should be addressed to Circulation 
:Manager, SCIENTIFIC AMEIUCAN, 415 Madison 
Avenue, New York, N.Y. ]0017. Please notify us 
four weeks in advance of change. If possible, 
kindly furnish an address imprint from a recent 
issue. Send both old and new addresses or com
plete and mail Post Office Form 357B. 

Please enter change of address 0 
Please enter subscription 0 
o 1 year I $8 0 2 years, $15 0 3 years, $21 

NAME 

NEW ADDRESS 

OLD ADDRESS 

and consolidation; influence of stimu
lus energy, experimental warm-up and 
prior learning on reaction time; generali
zations of the Hartline-Ratliff equation 
for lateral inhibition; stimulus sampling; 
possible mechanisms of excitatory trans
mitter production, mobilization and re
lease; learning of any number of essen
tially arbitrarily complicated motor se
quences and reflexes by operant and 
respondant conditioning; the influences 
of particular anatomical cell distribu
tions on the phenomena these cells can 
learn, remember and recall; etc. 

STEPHEN GROSSBElIC 

jVlassachusetts Institute of Technology 
Cambridge, Mass. 

Sirs: 
After reading John Updike's charming 

verses "The Dance of the Solids" [SCIEN

TIFIC AMERICAN, January], it occurred 
to me that you might be interested in a 
similar effort of my own. It was written 
after reading the article "The Problem 
of the Quasi-stellar Objects," by Geof
frey Burbidge and Fred Hoyle [SCIEN
nFIC AMERICAN; December, 1966]. 

TO A QUASAR 

Twinkle, twinkle, little quasar, 
Candidate for Occam's razor: 

Are you near or are you far? 
Are you nebula or star, 

Emitting all that energy 
Like any normal galaxy? 

Is your message from the dark 
Sent by positron or quark? 

Spectrum lines, though rather faint, 
Tell us only what you ain't. 

What strange phenomenon's involved 
In this enigma, yet unsolved? 

Astronomers have taxed their wits; 
There's no hypotheSis that fits. 

Does Hubble's constant not apply 
To these queer objects in the sky? 

Is your red shift due to gravitation, 
Or to speeding from our observation? 

Content with what we think we know, 
vVe sometimes find it isn't so. 

Perhaps the gods, somewhat amused, 
Though tolerant of facts perused 

With all our scientific lore, 
Are telling us, "There's much, much 

more!" 

STANLEY A. BELL 

Laguna Hills, Calif. 
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CABOT CORPORATION 
DEPT. SA·16, 125 HIGH ST., BOSTON, MASS. 02110 LABORATORY REPORT NO. 16 

(617) 423·6000 

NOW . . .  FROM CABOT FLAME RESEARCH 
® 

AI203 

Typical Properties of ALON 
Color and form White powder 
X-ray structure 90% gamma 
Alumina content.. 99% minimum 
Moisure content 2.5% 
Ignition loss 4.5% 
Metallic oxides 

(other than AhO,) 
Average particle 

diameter 
Surface area 

1% maximum 

0.03 micron 
100 square 

meters/gram 

An oxide with exciting possibilities 
What can it do for your product? 

pH (10 % aqueous 
suspension) 4.4 

Specific gravity 3.6 
loose bulk density 4 pounds/cu. ft. 

* Excludes physically and chemically com-
bined water 

. 

The unique properties of positive sur
face charge, large surface area, high 
purity and extremely small particle size 
make ALON a versatile and exciting new 
material with potential uses in many di
verse industries. A fumed alumina of 
different crystalline forms consisting 
predominantly of the gamma modifica
tion, ALON is made by the hydrolysis of 
aluminum chloride in a flame process 
similar to that for making Cabot fumed 
silica, CAB-O-SIL®. 

ALON is an inorganic oxide with a 
surface charge that remains positive up 
to a pH level of 9.1, the isoelectric point. 
Each gram of ALON has a surface area 
of 100 square meters. This produces 
high functional activity from relatively 
small quantities. 

SUGGESTED USES FOR ALaN 

TEXTILES - As a wool spinning aid, 
ALON has been found to considerably 
lessen end breakage and "fly." ALON 
substantially increases yarn breaking 
strength, permits the use of shorter 
stocks and higher productivity with less 
waste. The ALON particles form a strong 
bond with the negatively charged wool 
fibers, making them less susceptible to 
pulling apart. The same function is un
der investigation in cotton and synthetic 
fiber spinning. 

Its positive charge indicates ALON 
potential as an anti-static, anti-soiling 
and anti-pilling agent for synthetic fib
ers and blends. This same property may 
promote dyeability in certain hard-to
dye fibers. 

LIGHT TRANSMISSION AID - ALON 
is suggested as an additive to phosphor 
coatings in fluorescent or cathode ray 
tubes to improve the light output on 
aging and where high efficiency light 
transmission is desired on incandescent 
bulbs. COSMETICS - Hair sprays may 
be improved by ALON because the posi
tive surface charge reacts with nega
tively charged hair fibers. 

ELASTOMER REINFORCEMENT 
ALON has demonstrated an ability to in
crease creep strength and reinforce
ment of adhesives and such elastomers 
as SBR, butyl, nitrile and neoprene rub
bers. THICKENING AGENT - Its posi
tive surface charge suggests ALON can 
be combined with CAB-O-SIL fumed sil
ica to thicken polar liquids such as 
water. CERAMIC BODY - ALON can be 
used to improve strength and electrical 
properties. AIR POLLUTION CONTROL 
- ALON is being considered as an addi
tive in fuel oils to reduce contaminant 
emission and minimize scale build-up 
on furnace firewalls and boiler tubes. 
HYDROPHILIC AGENT - ALON can be 
applied to normally hydrophobic sur
faces such as plastic films and fibers, 
photographic films and offset printing 
plates to improve wettability and elim
inate water spotting. 

Electrophoretic properties of ALON 
Streaming currents of 2% dispersions 

of ALON in D.DIN sodium chloride 
solution are plotted as a function of pH. 
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CABOT CORPORATION 
Dept. SA-16, 125 HIGH ST., BOSTON, MASS. 02110 

Please send: 

o General brochure 0 Textile applications brochure 0 Sample 

PAPER - Paper machine down-time 
is reduced when ALON is used as a 
de-sliming agent. The positive surface 
charge helps control build-up and de
position of pitch on rollers, and keeps 
agglomerates from depositing on the 
paper thereby improving quality. The 
high purity and good electrical proper
ties make ALON an effective filler in 
specialty electronic capacitance papers. 

o Please call me for appointment. Tel: _ ____ _____ _ 

OTHER USES 

FERRITES - ALON improves cold tem
perature operation of ferrites used as 
armature cores in fractional hp motors. 

FREE 

Send for general 

brochure con

taining ideas for 

potential uses 
of ALON 

I am especially interested in _ _____ ________ _ 

Name Title 

Company Dept. 

Address 

City & State Zip 

Note: To insure receipt of material, please print or write clearly 
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If you plan to 
spena less than $79.50 
for a record changer, 
you're reading the 
wrong magazine. 

Most the UC;'UU,LC:; 

read this magazine know 
that you can't get high 
fidelity sound from a cheap 
record changer. Or the 
peace of mind that comes 
with knowing that your 
records are being handled 
with precision and care. 

If you spend less than 
$79.50 (the price of the 
Dual1212)you won't get a 
changer that will track a 
high-compliance cartridge 
at one gram, flawlessly. 
Or compensate precisely 
for skating. 

Cheaply made record 
changers tend to be 
plagued by audible 
rumble, wow and flutter. 
(Rumble, wow and flutter 
of the Dual 1212 easily 
surpass NAB standards for 
broadcast turntables.) 

And no cheap changer 
includes a feathertouch 
cueing system. Or a 
variable-speed pitch 
control that leJs you "tune" 
any record over a half-tone 
range. 

So if you want a high 
fidelity record changer, 
and you're willing to spend 
a few extra dollars to get 
ohe, you've just read the 
right ad. 
United Audio Products, Inc., 
535 Madison Ave., II 
NewYork,N Y.10022. ' 

50 AND 100 
YEARS AGO 

MARCH, 1919: "The total solar 
eclipse of May 29, 1919, the path of 
which crosses South America and Afri
ca, will be observed by two British ex
peditions sent out by the Joint Perma
nent Eclipse Committee of the Royal 
Society and the Royal Astronomical So
ciety. Messrs. Crommelin and Davidson 
of Greenwich Observatory will occupy a 
station at Sobral in the Brazilian state of 
Cean't, while Professor Eddington and 
Mr. Cottingham will observe on the is
land of Principe, llO miles from the 
coast of Africa. This eclipse will be nota
ble, not only because of the long period 
of totality (six minutes 50 seconds in the 
mid-Atlantic and more than five minutes 
at the land stations) but also because of 
the location of the sun in a rich field of 
stars, offering a favorable opportunity 
for testing Einstein's theory of relativity, 
according to which rays coming from 
stars close to the sun's limb should un
dergo a certain deflection." 

"It was inevitable that the close of 
the war would see a revival of the dis
cussion of the proposed tunnel under the 
English Channel, but there is this dif
ference between the project in pre-war 
and post-war days. Today it has behind 
it all the driving force derived from the 
urgent need for such a tunnel that has 
been revealed during the 4% years of 
the great war. League of Nations or no 
League of Nations, it is accepted on both 
sides of the Channel that the construc
tion of the tunnel would greatly strength
en the alliance between the French and 
British nations. In all the years through 
which the agitation has been carried on, 
more or less intermittently, for the con
struction of this work, the scheme was 
handicapped, fatally handicapped, by 
the reluctance of the British people to 
permit the construction of a work which 
they feared would destroy their abso
lutely insular position. The objection 
was largely a sentimental one, and it 
has been completely obliterated by the 
bonds of good feeling that have been 
forged by the war. Furthermore, the 
idea that the tunnel would expose Great 

Britain to military invasion was large
ly a myth, for it would be a very simple 
matter in these days of high explosives 
and highly developed fuses and electric 
connections to flood the lower reaches of 
the tunnel at a moment's notice." 

"It was only a short time ago that we 
could scarcely believe our eyes when 
we read that an automobile had made 
a speed of 120 miles an hour, or a mile 
in half a minute. With the advent of the 
airplane we grew quite accustomed to 
think of travel at speeds of 125 to 150 
miles per hour, and so when we learned 
that Ralph de Palma, racing at Ormond 
Beach on Lincoln's Birthday, had made 
a mile in 24.04 seconds, we were not 
half as astonished as we really should 
have been. This figures out to nearly 
150 miles per hour, or 149.8, to be exact. 
Few airplanes have made as high a 
speed as this. The car with which the 
record was smashed has a twin-six avia
tion-engine power plant." 

MARCH, 1869: "Hon. Caleb Cushing 
has returned from the capital of Colom
bia, the most northern of the South 
American republics, whither he was sent 
by the Department of State, and the 
draft of a treaty he there negotiated for 
the right of way, etc., of a ship canal 
across the Isthmus of Darien, or Panama, 
is now before the Senate for ratification. 
\Ne are assured that upon ratification 
of the treaty measures will at once be 
taken to begin what will, when com
pleted, be the greatest work in impor
tance of this century." 

"Notwithstanding the failures which 
have uniformly attended the attempts to 
construct a useful flying machine, and 
the emphatic negative given by a large 
number of scientific writers to the ques
tion of whether a flying machine is a 
mechanical possibility, the belief in the 
ultimate accomplishment of flight by 
means of human devices has never 
lacked adherents among the learned and 
the unlearned. The organization of the 
Aeronautical Society, which gave its first 
exhibition at London last June, is evi
dence that the belief is gaining rather 
than losing ground. The council of the 
society recently voted their £ 100 prize 
to Mr. Stringfellow for a steam engine 
weighing only 16 pounds and able to 
work to one horse-power; whether or 
not it ever becomes the motive power 
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Report from 

BELL 
LABORATORIES A New Use for the Sun 
Radio frequencies in the range 

of 10 to 40 GHz are of interest for 

satellite communications. But sig

nals at these frequencies-includ

ing millimeter wavelengths at 30 to 

40 GHz-are attenuated by rain, 

snow, fog, and other weather con

ditions. To study these effects, we 

needed a source of millimeter waves 

in the sky. What could we use? 

Putting up a research satellite 

would be difficult and expensive. 

But fortunately a millimeter-wave 

transmitter in the sky already exists 

... the sun. By tracking the sun and 

SUNRISE 
I I 

I I 

, -- - - - -
-

correlating the signal losses with 

atmospheric effects, we are gain

ing valuable insight into the prob

lems and possibilities of maintain

ing reliable communications at 

millimeter-wave frequencies in all 

kinds of weather. 

Our apparatus includes a steer

able, plane metal mirror that re

flects solar energy into a stationary 

horn-reflector antenna (photo). The 

signals are processed and recorded 

in a temperature-controlled equip· 

ment house. The system automati

cally follows the sun on its daily 

SUNSET 

30 GHZ 

/ _  CLEAR WEATHER SIGNAL LEVEL 
co 
o / 

I 

" ", 

TIME (HOURS) 

Intensity of solar radiation at two frequencies, recently observed at Bell Labora· 
tories' installation at Holmdel, N. J. Graphs show one 9·hour period out of months 
of study. Note attenuation due to rain early in the day. 

Bell Laboratories' station for studying 
atmospheric effects on solar radio energy. 
The flat mirror has two axes. One is par· 
allel to the earth's polar axis-for daily 
rotation. The other is perpendicular-for 
seasonal variation. Experiment designer 
R. W. Wilson checks the horn antenna into 
which signals are reflected. 

path across the sky by a clock 

mechanism which can be set for a 

full week's automatic observation. 

The sun emits radio signals at a 

great many frequencies, but the 

sun-tracker is tuned only to signals 

at 16 and 30 GHz. The received 

energy has two significant com

ponents: one due to the sun and 

one due to the atmosphere (which 

attenuates solar energy but also 

radiates energy of its own). To al

low for the atmospheric compo

nent, we tilt our mirror away from 

the sun once each second, thus 

getting a sky-only reading. We sub

tract this from the sun/sky total 

and plot the difference. The equip

ment responds to and records sig

nal changes as rapid as 30 dB in 

15 seconds. 

The graphs (left) indicate that 
there are periods when rain will 
attenuate the received signal by 
30 to 40 dB. Such attenuation 

would seriously impair communica

tions signals from satellites. The 

problem can be solved by spacing 

s,e v e r a  I g r 0 u n d t e r m i n  a I s f a r  

enough apart that at least one of 

them would always have a clear 

path to the satellite. This would be 

done at both receiving and trans

mitting terminals. 

Data from the sun-tracking ex

periments will help us determine 

how m a n y  t e r m i n a l s  m i g h t  b e  

needed f o r  communication sys

tems operating at high frequen
cies, and how these terminals 

might be spaced to achieve maxi

mum efficiency and economy. 

@ Bell Telephone Laboratories 
"'T'" Research and Development Unit of the Ben System 
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IT'S DIFFICULT TO 
CLOSE A DEAL 

IF YOU CAN'T OPEN 
YOUR MOUTH. 

Why be tongue-tied in your foreign And finally, you'll be carrying on 
business dealings? entire conversations and speaking 

Businessmen have proved that and thinking the language as if you'd 
they can do more business abroad known it your whole life_ 
if they speak native languages_ Except you won't have spent your 

Company after company has in- whole life learning it. 
creased its foreign sales volume After Berlitz training, a lot more 
largely because their key personnel businessmen will listen. You have 
were trained to speak the local 
language. 

our word. 

At Berlitz you can learn a foreign Call or write today and ask about 

language in weeks. our special training program for in-

Our Berlitz teachers will start dustry or our personalized individual 

right in speaking to you in the courses. 

language you're learning. Inquire about executive language 

And you'll start right in uttering training in foreign countries. 

a few foreign words. Berlitz schools are located in the 

Then you'll progress to whole principal U.S. cities. Consult your 
sentences. Telephone Directory. 

It pays to speak the other fellow's language. 

TOO BUSY TO COME TO BERLITZ? 
TAKE BERLITZ ALONG. Berlitz instruction is now 
as portable as your camera because of a remark
ably simple, push-button tape recorder. So con
venient to operate. You can learn a foreign lan
guage at home, while traveling or anywhere ... 
you choose the time and place. For more pleasure 
from people and travel, send for a Berlitz portable 
language cassette course today. 

--- - --- -
-

-- - - -
--

- - - ------- -
, 

Berlitz® SCHOOL OF LANGUAGES 
Dept. SA-3. 866 Third Avenue, New York, N. Y. 10022 

Please send more information on: 

D Personal instruction D Tape recorded lessons 

D Executive training abroad 

Name . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . • • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • 

Company . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . .  Title . . . . . . . . . . . . . . • . . . .  

Address .................................................................... . 
City & 
State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . • . . . . . . . . . . . .  Zip ............... . 

Telephone . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

L _ ____ ____ _____ ____ _ _ ___ ___ __ ___ � 
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for flight, it would seem from its ill
genuity to be well worth the reward. 
This engine appears to demonstrate the 
possibility of making engines light 
enough and powerful enough for the 
purposes of flight. The American wild 
goose frequently weighs more than this 
entire machine, boiler, propeller and all, 
and the power exerted by this bird in 
flight must be vastly less than that 
achieved by the engine." 

"It must be acknowledged that the 
applications of aluminum in the arts are 
not so numerous as was at first predict
ed, and its manufacture, as compared 
with other metals, can at the present 
time hardly be called a metallurgical 
one. As soon as the metal is required in 
large quantities, however, some method 
will be devised for producing it at a 
cheap rate, and when that time arrives 
we shall not have to fit out expeditions 
to go and search for the ore in remote 
regions but can dig for it under our feet, 
nearly everywhere, and make a mine of 
every stone quarry. So abundant is this 
metal that it is safe to predict that the 
day is not far distant when our houses 
may be built of it instead of bricks, and 
we shall �

,
se it for many purposes now 

unknown. 

"A company has been organized in 
London to tunnel from the Post Office 
to the marble arch entrance on Hyde 
Park. The trains of the proposed line are 
to be drawn by wire ropes from fixed 
engines at each end, so that the air of 
the tunnel will not be poisoned by the 
smoke and vapors of the locomotives; 
since theTe can be no collisions, trains 
will start every two minutes. In the opin
ion of competent engineers the substi
tution of locomotives for ropes was a 
mistake, whether regarded from the sci
entific or the economic point of view. 
Improved means of communication in 
cities is one of the greatest necessities 
of the day. We want, if possible, to get 
rid of the surface roads." 

"Each ant in an anthill knows its com
panions. Mr. Darwin several times car
ried ants from one hill to another, inhab
ited apparently by tens of thousands of 
ants, but the strangers were invariably 
detected and killed. Thinking that there 
might be a family odor by which they 
were recognized, he put some ants from 
a very large nest into a bottle strongly 
perfumed with asafoetida and restored 
them after 24 hours. At first they were 
threatened by their companions. but 
they were soon recognized and allowed 
to pass." 
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The Molecular Basis of Life 
AN INTRODUCTION TO MOLECULAR BIOLOGY 

Readings from SCU:NTIFIC . A\IERICAN 
With Introductions by ROBERT H. HAYNES, York University, 

Toronto, and PHILIP C. HANAWALT, Stanford University 

1968,360 pages, 360 illustrations, 

(215 in color), (68-8633), clothbound $10.00, paperbound $4.95 
The epochal advances in our understanding of the 

material basis of life made during the past twenty years are 

re.counted in this book. The individual articles, many 

written by scientists intimately involved in these advances, reveal 

the personal approaches brought by them to their 

work and convey the excitement of the period vividly. As in 

other SCIENTIFIC AMERICAN readers, each selection 

is reproduced as it originally appeared in SCIENTIFIC AMERICAN, 

with full text, full illustration, and full color. 

Mathematics in the Modern World 
Readings from SCIENTIFIC 

AMERICAN 
With Introductions by MORRIS KLINE, 

New York University 

1968,409 pages, 374 illustrations (140 in color), 

(68-17151), clothbound $10.00, paperbound $6.50 

Selected to provide an insight into the essential simplicity and 

astonishing practical effectiveness of mathematics, this collection 

of fifty readings by authorities in the field includes ten of 

the eleven articles from the single-topic issue of September 1964 
devoted to Mathematics in the Modern World. The articles 

are grouped into five major sections: The Nature of Mathematics, 

Biography, Some Chapters of Mathematics, The Foundations 

of Mathematics, and The Import of Mathematics. 

From your bookseller, or from Dept. M '!, W. H. Freeman and Company 
I� I 660 Market Street, San Francisco, California 94104 

Warner House, Folkestone, Kent, England 
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It works on and on, with little care 
and only occasional feeding. 

So quiet, so smooth, that passengers don't even 
know there are engines on the plane. 
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The ideal airplane engine? 

An engine that's feather-light, tough, 
power-packed and maintenance-free. 

How is United Aircraft 
working toward the ideal engine? 

To get more power per pound, 
we're exploring new materials. Even 
composites based on boron filament-
15% lighter than aluminum, yet five times 
as strong as their weight in steel. 

We're working to reduce fuel 
consumption, exhaust smoke, and 
noise. Our powerful new JT9D, for 
instance, is quieter than current jet 
engines. And virtua lIy smoke-free. 

You'll have power plants requiring 
even less maintenance than our engines 
that today can cross the U.S. thousands 
of times between major overhauls. 

Behind all this is our desire to help 
build the ideal transportation system
coordinated, efficient. That's the main 
thrust of our work at United Aircraft. 
Where new ideas take off. 

Unite 
f:lircraft 

® 
PRATI & WHITNEY AIRCRAFT· HAM ILTON STANDARD· 

SIKORSKY AIRCRAFT· NORDEN· UNITED TECHNOLOGY CENTER. 

ELECTRONIC COMPONENTS. UNITED AIRCRAFT RESEARCH 

LABORATORIES· UNITED AIRCRAft OF CANADA LIMITED· 
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THE AUTHORS 
JOHN R. CLARK ("Thermal Pollu

tion and Aquatic Life") is assistant direc
tor of the Sandy Hook Marine Labora
tory of the U.S. Bureau of Sport Fisher
ies and Wildlife. "My forte," he writes, 
"has truly been sea work; I've probably 
spent 1,000 days at sea in the past 20 
years, and before that in Seattle I worked 
summers as a commercial fisherman to 
get through college." Clark was gradu
ated from the University of Washington 
in 1949 with a degree in fisheries sci
ence. For 10 years after that he worked 
at the Fisheries Laboratory of the U.S. 
Bureau of Commercial Fisheries in 
Woods Hole, Mass. Clark was a founder 
of the American Littoral Society and is 
now its president. He wishes to note that 
his article expresses his personal views 
and is not to be regarded as an official 
statement of the U.S. Department of 
the In terior. 

H. W. HAYDEN, R. C. GIBSON and 
J. H. BROPHY ("Superplastic Metals") 
are at the Paul D. Merica Research Lab
oratory of the International Nickel Com
pany. Hayden, a research associate in 
the nonferrous group at the laboratory, 
was graduated from the Massachusetts 
Institute of Technology in 1960 and 
received his D.Sc. there in 1963. His 
outside interests, which include skiing, 
bridge, music and debating, have 
brought him an unusual distinction: he is 
an honorary parolee of Walpole State 
Prison in Massachusetts, because as a 
member of the M.LT. debate team he 
participated in a debate with a prison 
team. Gibson, who is supervisor of the 
nickel alloys research section at the lab
oratory, was graduated from Lehigh 
University and obtained a master's de
gree in metallurgy at the Stevens Insti
tute of Technology. Brophy, who is 
group leader of the nonferrous metal
lurgy group at the laboratory, received 
his bachelor's, master's and doctor's de
grees from the University of Michigan. 
From 1958 to 1963 he was assistant pro
fessor of metallurgy at M.I.T. 

NORMAN K. WESSELLS and WIL
LIAM J. RUTTER ("Phases in Cell Dif
ferentiation") are respectively associate 
professor of biological sciences at Stan
ford University and professor of bio
chemistry and genetics at the University 
of Washington. Wessells did both his un
dergraduate and his graduate work at 
Yale University and began teaching at 
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Stanford in 1962. Rutter was graduated 
from Harvard College in 1949, went to 
the University of Utah for his master's 
degree and received his Ph.D. from the 
University of Illinois, where he taught 
from 1955 to 1965. Later this year he 
will become chairman of the department 
of biochemistry and biophysics at the 
San Francisco Medical Center of the 
University of California. The authors 
wish to thank a number of associates in 
the work they describe: Thomas G. San
ders, William R. Clark, William S. Brad
shaw, John D. Kemp, William D. Ball, 
Leslie C. Brock, Julia H. Cohen and 
Jean Evans. 

BJORN KURTEN ("Continental 
Drift and Evolution") is a lecturer in 
paleontology at the University of Hel
sinki, where he obtained his Ph.D. in 
1954. He has written a number of arti
cles dealing with such subjects as fossil 
carnivores, dating of early man, late 
Tertiary and Quaternary stratigraphy, 
and aspects of population dynamicS, 
evolutionary theory and paleobiogeogra
phy. His recent books include Pleisto
cene Mammals of Europe and The Age 
of the Dinosaurs. 

REUBEN HERSH and RICHARD J. 
GRIEGO ("Brownian Motion and Po
tential Theory") are in the department of 
mathematics and statistics at the Uni
versity of New Mexico; Hersh is profes
sor and Griego assistant professor. Hersh 
was graduated from Harvard College 
with a degree in English literature. After 
four years as an office boy and editorial 
assistant with SCIENTIFIC AMERICAN and 
four years as a machinist he obtained his 
Ph.D. in mathematics from New York 
UniverSity. He has taught at New York 
University, Fairleigh Dickinson Univer
sity and Stanford University. Griego was 
graduated from the University of New 
Mexico in 1961 and received his Ph.D. 
from the UniverSity of Illinois four years 
later. He taught for a year at the Uni
versity of California at Riverside before 
taking his present position. In addition 
to his academic work at the University 
of New Mexico he is director of an en
richment program that seeks, with funds 
from the U.S. Office of Economic Oppor
tunity, to help incoming freshmen from 
disadvantaged backgrounds. 

VON R. ESHLEMAN ("The Atmo
spheres of Mars and Venus") is professor 
of electrical engineering at Stanford 
University and codirector of the Center 
for Radar Astronomy, a joint group of 
research workers from the university 
and the Stanford Research Institute. He 

was graduated from George Washington 
University and received advanced de
grees in electrical engineering at Stan
ford in 1950 and 1952. Since then he has 
been at Stanford as a researcher and 
teacher, heading a number of projects 
related to radio propagation and radar 
studies of the upper atmosphere, the 
sun, the moon, the planets and inter
planetary space. He is a member of the 
Lunar and Planetary Missions Board of 
the National Aeronautics and Space Ad
ministration and a consultant to other 
Government and industrial groups. 

SOLOMON KADIS, THOMAS C. 
MONTIE and SAMUEL J. AJL ("Plague 
Toxin") are associated with the Albert 
Einstein Medical Center in Philadelphia. 
Kadis, who received his bachelor's de
gree at St. John's College in 1950, his 
master's degree at the UniverSity of Vir
ginia in 1951 and his Ph.D. from Van
derbilt University in 1957, has been an 
associate member of the Einstein Medi
cal Center since 1963. Montie, who is 
also an associate member, was gradu
ated from Oberlin College in 1956 and 
obtained his master's degree and his 
Ph.D. at the University of Maryland. 
Ajl is director of research at the Einstein 
Center. Born in Poland, he came to the 
U.S. in 1939 at the age of 16. He was 
graduated from Brooklyn College in 
1945 and received his Ph.D. from Iowa 
State College in 1949. His association 
with the Einstein Center began in 1960 
after he had worked at the Washington 
University School of Medicine, the Wal
ter Reed Army Medical Center and the 
National Science Foundation. Ajl also 
serves as professor of biology and micro
biology at the Temple University School 
of Medicine. 

GEORGE SHIERS ("The First Elec
tron Tube") is a free-lance writer who 
also teaches in the adult education divi
sion of the Santa Barbara City College 
and in the extension service of the Uni
versity of California. He recalls that as 
a boy in England he and "dozens of oth
er boys in their early teens made triodes 
largely by hand during the early 1920's 
while employed by a pioneer tube man
ufacturer in London." Shiel'S is a senior 
member of the Institute of Electrical 
and Electronics Engineers. His article is 
based on material gathered for a book to 
be published by Prentice-Hall on the 
history of electronics. 

SALVADOR E. LURIA, who in this 
issue reviews Biology, by Helena Curtis, 
is Sedgwick Professor of Biology at the 
Massachusetts Institute of Technology. 
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An aircraft carrier may be a 
very big ship but it's also a very small 
airport. 

Over the past few years the 
Navy's planes have grown more and 
more complex. A lot more maintenance 
checks had to be made-and a lot more 
men and equipment were needed 
to make them. 

All of which took more time 
and more space. The trouble is on an 
aircraft carrier you never have enough 
of either. 

The advantage of UNIVAC@ 
computer systems is they save on both. 

The Navy worked with PRD 
Electronics to develop a computer
based Automatic Test System that 
would seek and trouble shoot equipment 
by zipping impulses through a plane's 
electronic package. 

The system is called VAST
for Versatile Avionic Shop Test. 

V AST will do routine aircraft 
maintenance in a fraction of the time 
taken by the equipment it replaces. 

It will also take less than half 
the space. 

It will cut down on the men 
needed by twenty-five percent. 

V AST is easier to use so it will 
be easier to train men to use it. 

And it can be shared by six 
different repair crews at the same time. 

Univac systems are at work 
in many fields. In industry, science, 
education and government. 

On five continents. 
And the seven seas. 

UNIVAC 
Univac is saving a lot of people a lotof time. 

.JL 

" st=E�Y RAI\D 

When it comes to expanding facilities, 
some airpor ts are at a disadvantage. 

So the Navy uses computer systems to keep its planes shipshape. 
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• Multilayered "blanket" of ultra-thin sheets can 
insulate cryogenic propellants for long space trips. 
• Turbine fog is turned from nuisance to cooling 
agent in new air-cycle system. • Solid cryogens in 
tandem will work to refrigerate infrared detectors 
over year-long space missions. • Wind tunnel and 
computer help to solve unique high-heat problems 
for U SAF's Mach 3+ SR-71. 
The interplay of heating and cooling vitally affects the 
performance-and the life-of materials, fuels, instru
ments, and controls. Some of Lockheed 's advanced ways 
of beating the heat with insulation and cooling tech
niques are briefly described here. 
Thinning down a heat barrier. As space missions 
grow longer in time, the effectiveness of protective insu

lation for liquid cry
ogen propellants will 
become e ver more 
crucial. Yet su ch 
insulation systems, 
while being highly 
reliable, shoul d be 

"Blanket"for insulating liquid cryogen ultra- thin and 
propellants. ultra-light so 
that they consume l ittle of the spacecraft's 
precious allotments of volume and weight. 

For exot ic applications, therefore, 
Lockheed has developed an exception
ally thin, light, high-performance 
laminated system in which a mul
tiple number of O.OOOlS-in.-thick 
aluminized plastic radiatio n  
shields a n d  O.0006-in.- thick 
"fiber-glass paper separators are 
sandwiched in layers. 

The resulting multilayered 
"blanket" has proved to be the 
most formidable heat barrier yet 
devised for shielding hypercold 
propellants like liquid hydrogen, 
oxygen and fluorine. And it prom
ises to see many other space uses; 
for example, keeping instruments, 
optics, sensors, antennas and other 
equipment at optimum temperatures. 
Harnessing an unwelcome fog. 
Present-day aircraft using air-cycle cooling 
systems can be plagued by internal fog when 
operating in humid climates. Dense amounts of vapor, 
discharged from cooling turbines, create unfavorable 
humidity for instruments and an actual clouding up of 
cabins. Unfortunately, so-called fog separators often can-
not relieve the condition. 

" 

To beat this problem, Lockheed has put the trouble
making fog to good use in a unique Indirect Air-Cycle 
Cooling System. Instead of extracting the moisture and 
draining it overboard as waste, the Lockheed system 
intercepts the fog and reevaporates it. This process acts 
to reduce the temperature of an indirect coolant; the 
coolant, in turn, is" plumbed to other locations for local 
cooling of occupied spaces or heat-generating equipment. 

The Lockheed system thus performs three constructive 

Achieving 
critical cooling 

... anywhere 
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operations: It blocks visible fog from the cabin, utilizes the 
vapor's inherent cooling capacity, and prevents subfreez
ing fog from icing up 
the elements down
stream of the turbine. 
Refrigera ting the 
refrigerants. Infra
red detectors, critical 
sensors for spectral 
m e a s u r e  m e n  t a n d  
scanning devices used 
in space, show their 
best sensitivity and 

response when System uses turbine-generated fog to 
opera t e d  a t help cool remote areas of aircraft. 

temperatures below -279°F. This makes cry
ogenic cooling a necessity. But devising a 
suitable refrigeration system for long-time 

flights means solving a many-sided 
problem: The system must have low 

weight, volume, and power con
sumption .. . and the volatile, deli

cate cryogens must last and work 
reliably throughout the mission. 

(Some present, typical applications for cooled 
infrared detectors are on such major programs as 

Apollo and meteorological satellites like Nimbus and 
Tiros. ) 

Lockheed scientists, after extensive research on 
liquid and solid cryogen characteristics, pion

eered the use of cryogenic solids for refriger
ating infrared detectors during long spans of 

time in space. The reason is basic: In liquid 
form, a cryogen has a given latent heat of 

vaporization-or phase transformation to 
a gaseous state. The same cryogen in solid 
form, however, has much higher density 
and a higher latent heat of phase trans
formation. 

By applying solids in an advanced refrig
eration concept, Lockheed has developed a 

dual thermal-protection technique in which 
a secondary solid cryogen guards the primary 

detector-cooler. 
Putting these principles to work, Lockheed 

recently completed a solid-cryogen carbon dioxide 
( -225°F) system which acts as thermal protector for 

solid argon at a supercold temperature of -369°F. This 
refrigerator efficiently cools an infrared detector, with 
its heat load of 17 milliwatts, for a full year. And other 
year-or-more systems under development include those 
of comparatively light weight and low volume that use 
a solid neon primary coolant at a near-absolute-zero 
temperature of -432°F. 
Controlling high-speed heats. The U.S. Air Force's 
special-purpose SR-71 endures harsh temperature cycles 
-from below -60°F to above +630°F-and flies reli
ably for long periods at searing Mach 3+ speeds. Every 
material and component in the aircraft must withstand 
environments hotter by far than ever experienced before 
in steady-state flight. And when Lockheed's Skunk 
Works started the SR-71 design, many of the complex 

thermodynamic problems had no precedents. 
All aspects of internal and external thermodynamics 

were probed in the developmental studies-every tool 
was used from the straight-forward experimental ap
proach in the wind tunnel to the complex analytical 
approach'utilizing the maximum capability of the modern 
computer. 

Wind tunnel coefficients helped project the external 
environment: High skin temperatures and stagnation 
ram air above 630°F. Because temperatures would be 
above aluminum alloy limits, titanium alloys were used 
for all skins and structure. A special high-emissivity 
black paint was applied to increase radiative, heat loss 
and to help reduce skin temperatures. And, since the 
external skin is also the fuel tank skin, Lockheed created 
a unique tank sealant that would tolerate both severe 
flexing in flight and severe heat levels. 

Accurate prediction of fuel temperature rise during 
high-speed flight was a must. Not only would the hy
draulic and constant-speed drive systems, be cooled by 
fuel but, for the first known time in an aircraft, fuel 
would serve as a direct heat sink for environmental con
trol. The cooling performance ,gained through this bold 
approach provides a habitable cockpit atmosphere. 

In the fuel tanks themselves, all equipment-pumps, 
vents, valves, switches, and wires-had to survive high
temperature operation as the tanks emptied. Further
more, to prevent spontaneous ignition of vapor in the 
tanks, Lockheed also developed a fail-safe nitrogen in
erting and pressurization system. 

The hottest spots are the engine, its inlet system, and 
the nacelle. The engine inlet system is exposed entirely 

Temperature pr�le of the SR-71 at Mach 3+ speeds. 
to stagnation air temperatures above 630°F. Within the 
nacelle, the engine generates even higher temperatures. 
In addition to using all external radiation available, the 
engine is cooled sufficiently during prolonged missions 
by passing the inlet cowl's low-energy boundary layer 
air between the engine exterior and the� nacelle skin. 

The varied SR-71 cooling techniques have proved 
thoroughly effective. A typical example: Many high
precision components-servo valves, actuators, electrical 
connectors, and others-operate reliably in the engine 
inlet and nacelle at temperatures that remain, during 
long flights, far above normally destructive values. 

The activities mentioned here are only a few of 
Lockheed's projects in environmental controls. If you 
are an engineer or scientist interested in this field of work, 
Lockheed invites your inquiry. Write: K. R. Kiddoo, 
Lockheed Aircraft Corporation, Burbank, Cal ifornia 
91503. An equal opportunity employer. 

© 1969 SCIENTIFIC AMERICAN, INC



© 1969 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
Established 1845 AMERICAN March 1969 Volume 220 Number 3 

Thermal Pollution and Aquatic Life 

The increasing use of river and lake waters for industrial cooling 

presents a real threat to fish and other organisms. To avoid an 

ecological crisis new ways must be found to get rid of waste heat 

E
cologists consider temperature the 

primary control of life on earth, 
and fish, which as cold-blooded 

animals are unable to regulate their body 
temperature, are particularly sensitive to 
changes in the thermal environment. 
Each aquatic species becomes adapted 

by John R. Clark 

to the seasonal variations in temperature 
of the water in which it lives, but it can
not adjust to the shock of abnormally 
abrupt change. For this reason there is 
growing concern among ecologists about 
the heating of aquatic habitats by man's 
activities. In the U.S. it appears that the 

HEATED EFFLUENT from a power plant on the Connecticut River is shown in color 

thermo grams (opposite page), in which different temperatures are represented by different 

hues. At the site (above) three large pipes discharge heated water that spreads across the 
river at slack tide (top thermogram) and tends to flow downriver at ebb tide (bottom). 

An infrared camera made by the Barnes Engineering Company scans the scene and 
measures the infrared radiation associated with the temperature at each point in the 

scene (350 points on each of 180 horizontal lines). Output from an infrared radiometer 

drives a color modulator, thus changing the color of a beam of light that is scanned across a 
color film in synchrony with the scanning of the scene. Here the coolest water (black) is at 59 
degrees Fahrenheit; increasingly warm areas are shown, in three.degree steps, in blue, light 
blue, green, light green, yellow, orange, red and magenta. The effluent temperature was 87 
degrees. A tree (dark object) appears in lower thermogram because the camera was moved. 

use of river, lake and estuarine waters for 
industrial cooling purposes may become 
so extensive in future decades as to pose 
a considerable threat to fish and to 
aquatic life in general. Because of the 
potential hazard to life and to the bal
ance of nature, the discharge of waste 
heat into the natural waters is coming to 
be called thermal pollution. 

The principal contributor of this heat 
is the electric-power industry. In 1968 
the cooling of steam condensers in gen
erating plants accounted for about three
quarters of the total of 60,000 billion 
gallons of water used in the U.S. for in
dustrial cooling. The present rate of heat 
discharge is not yet of great consequence 
except in some local situations; what 
has aroused ecologists is the ninefold 
expansion of electric-power production 
that is in prospect for the coming years 
with the increasing construction of large 
generating plants fueled by nuclear en
ergy. They waste 60 percent more ener
gy than fossil-fuel plants, and this energy 
is released as heat in condenser-cooling 
water. It is estimated that within 30 
years the electric-power industry will be 
prodUCing nearly two million megawatts 
of electricity, which will require the dis
posal of about 20 million billion B.T.U.'s 
of waste heat per day. To carry off that 
heat by way of natural waters would call 
for a flow through power planls amount
ing to about a third of the average daily 
freshwater runoff in the U.S. 

The Federal "Vater Pollution Control 
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NUCLEAR POWER PLANT at Haddam on the Connecticut River 

empties up to 370,000 gallons of coolant water a minute through 

a discharge canal (bottom) into the river. In this aerial thermo

gram, made by HRB-Singer, Inc., for the U.S. Geological Survey's 

Administration has declared that waters 
above 93 degrees Fahrenheit are es
sentially uninhabitable for all fishes in 
the U.S. except certain southern species. 
Many U.S. rivers already reach a tem
perature of 90 degrees F. or more in 
summer through natural heating alone. 
Since the waste heat from a single power 
plant of the size planned for the future 
(some 1,000 megawatts) is expected to 
raise the temperature of a river carrying 
a flow of 3,000 cubic feet per second by 
10 degrees, and since a number of in
dustrial and power plants are likely to be 
constructed on the banks of a single riv
er, it is obvious that many U.S. waters 
would become uninhabitable. 

A great deal of detailed information is 
- available on how temperature af

fects the life processes of animals that 
live in the water. Most of the effects stem 
from the impact of temperature on the 
rate of metabolism, which is speeded up 
by heat in accordance with the van't Hoff 
principle that the rate of chemical reac
tion increases with rising temperature. 
The acceleration varies considerably for 
particular biochemical reactions and in 
different temperature ranges, but gener-

20 

ally speaking the metabolic rate doubles 
with each increase of 10 degrees Celsius 
(18 degrees F.). 

Since a speedup of metabolism in
creases the animal's need for oxygen, the 
rate of respiration must rise. F. E. J. Fry 
of the University of Toronto, experiment
ing with fishes of the salmon family, 
found that active fish increased their oxy
gen consumption as much as fourfold as 
the temperature of the water was raised 
to the maximum at which they could sur
vive. In the brown trout the rate of oxy
gen consumption rose steadily until the 
lethal temperature of 79 degrees F. was 
reached; in a species of lake trout, on the 
other hand, the rate rose to a maximum 
at about 60 degrees and then fell off as 
the lethal temperature of 77 degrees was 
approached. In both cases the fishes 
showed a marked rise in the basal rate of 
metabolism up to the lethal point. 

The heart rate often serves as an index 
of metabolic or respiratory stress on the 
organism. Experiments with the crayfish 
(AstaclIs) showed that its heart rate in
creased from 30 beats per minute at a 
water temperature of 39 degrees F. to 
125 beats per minute at 72 degrees and 
then slowed to a final 65 beats per min-

ute as the water approached 95 degrees, 
the lethal temperature for this crusta
cean. The final decrease in heartbeat is 
evidence of the animal's weakening un
der the thermal stress. 

At elevated temperatures a fish's res
piratory difficulties are compounded by 
the fact that the hemoglobin of its blood 
has a reduced affinity for oxygen and 
therefore becomes less efficient in deliv
ering oxygen to the tissues. The combi
nation of increased need for oxygen and 
reduced efficiency in obtaining it at ris
ing temperatures can put severe stress 
even on fishes that ordinarily are capable 
of living on a meager supply of oxygen. 
For example, the hardy carp, which at a 
water temperature of 33 degrees F. can 
survive on an oxygen concentration as 
low as half a milligram per liter of water, 
needs a minimum of 1.5 milligrams per 
liter when the temperature is raised to 
95 degrees. Other fishes can exist on one 
to two milligrams at 39 degrees but need 
three to four milligrams merely to sur
vive at 65 degrees and five milligrams for 
normal activity. 

The temperature of the water has pro
nounced effects on appetite, digestion 
and growth in fish. Tracer experiments 
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Water Resources Division, temperature is represented by shades of 

gray. The hot effluent (white) is at about 93 degrees F.; ambient 

river temperature (dark gray) is 77 degrees. The line across the 
thermogram is a time marker for a series of absolute measurements. 

with young carp, in which food was la
beled with color, established that they 
digest food four times as rapidly at 79 
degrees F. as they do at 50 degrees; 
whereas at 50 degrees the food took 18 
hours to pass through the alimentary ca
nal, at 79 degrees it took only four and a 
half hours. 

The effects of temperature in regulat
ing appetite and the conversion of the 
food into body weight can be used by 
hatcheries to maximize fish production 
in terms of weight. The food consump
tion of the brown trout, for example, is 
highest in the temperature range be
tween 50 and 66 degrees. Within that 
range, however, the fish is so active that 
a comparatively large proportion of its 
food intake goes into merely maintaining 
its body functions. Maximal conversion 
of the food into a gain in weight occurs 
just below and just above that tempera
ture range. A hatchery can therefore pro
duce the greatest poundage of trout per 
pound of food by keeping the water tem
perature at just under 50 degrees or just 
over 66 degrees. 

It is not surprising to find tha t the 
activity, or movement, of fish depends 
considerably on the water temperature. 

By and large aquatic animals tend to 
raise their swimming speed and to show 
more spontaneous movement as the tem
perature rises. In many fishes the tem
perature-dependent pattern of activity is 
rather complex. For instance, the sock
eye salmon cruises twice as fast in water 
at 60 degrees as it does in water at 35 de
grees, but above 60 degrees its speed de
clines. The brook trout shows somewhat 
more complicated behavior: it increases 
its spontaneous activity as the tempera
ture rises from 40 to 48 degrees, becomes 
less active between 49 and 66 degrees 
and above 66 degrees again goes into a 
rising tempo of spontaneous movements 
up to the lethal temperature of 77 de
grees. Laboratory tests show that a de
crease in the trout's swimming speed 
potential at high temperatures affects its 
ability to feed. By 63 degrees trout have 
slowed down in pursuing minnows, and 
at 70 degrees they are almost incapable 
of catching the minnows. 

That temperature plays a critical role 
in the reproduction of aquatic ani

mals is well known. Some species of fish 
spawn during the fall, as temperatures 
drop; many more species, however, 

spawn in the spring. The rising tempera
ture induces a seasonal development of 
their gonads and then, at a critical point, 
triggers the female's deposit of her eggs 
in the water. The triggering is particu
larly dramatic in estuarine shellfish (oys
ters and clams), which spawn within a 
few hours after the water temperature 
reaches the critical level. Temperature 
also exerts a precise con trol over the time 
it takes a fish's eggs to hatch. For exam
ple, fertilized eggs of the Atlantic salmon 
will hatch in 114 days in water at 36 de
grees F. but the period is shortened to 
90 days at 45 degrees; herring eggs 
hatch in 47 days at 32 degrees and in 
eight days at 58 degrees; trout eggs 
hatch in 165 days at 37 degrees and in 
32 days at 54 degrees. Excessive tem
peratures, however, can prevent normal 
development of eggs. The Oregon Fish 
Commission has declared that a rise of 
5.4 degrees in the Columbia River could 
be disastrous for the eggs of the Chinook 
salmon. 

Grace E. Pickford of Yale University 
has observed that "there are critical tem
peratures above or below which fish will 
not reproduce." For instance, at a tem
perature of 72 degrees or higher the 
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banded sunfish fails to develop eggs. In 
the case of the carp, temperatures in the 
range of 68 to 75 degrees prevent cell 
division in the eggs. The possum shrimp 
Neomysis, an inhabitant of estuaries, is 
blocked from laying eggs if the tempera
ture rises above 45 degrees. There is also 
the curious case of the tiny crustacean 
Gammarus, which at temperatures above 
46 degrees produces only female off
spring. 

Temperature affects the longevity of 
fish as well as their reproduction. D'Arcy 
'Wentworth Thompson succinctly stated 
this general life principle in his classic 
On Growth and Form: "As the several 
stages of development are accelerated 
by warmth, so is the duration of each and 
all, and of life itself, proportionately cur
tailed. High temperature may lead to 
a short but exhausting spell of rapid 
growth, while the slower rate manifested 
at a lower temperature may be the best 
in the end." Thompson's principle has 
been verified in rather precise detail by 
experiments with aquatic crustaceans. 
These have shown, for example, that 
Daphnia can live for 108 days at 46 de
grees F. but its lifetime at 82 degrees is 
29 days; the water Rea Moina has a life
time of 14 days at 55 degrees, its optimal 
temperature for longevity, but only five 
days at 91 degrees. 

Other effects of temperature on life 
processes are known. For example, a cen
tury ago the German zoologist Karl Mo
bius noted that mollusks living in cold 
waters grew more slowly but attained 
larger size than their cousins living in 
warmer waters. This has since been 
found to be true of many fishes and other 
water animals in their natural habitats. 

Fortunately fish are not entirely at the 
mercy of variations in the water tem-

perature. By some process not yet un
derstood they are able to acclimate 
themselves to a temperature shift if it is 
moderate and not too sudden. It has 
been found, for instance, that when the 
eggs of largemouth bass are suddenly 
transferred from water at 65 or 70 de
grees to water at 85 degrees, 95 percent 
of the eggs perish, but if the eggs are ac
climated by gradual raising of the tem
perature to 85 degrees over a period of 
30 to 40 hours, 80 percent of the eggs 
will survive. Experiments with the pos
sum shrimp have shown that the lethal 
temperature for this crustacean can be 
raised by as much as 24 degrees (to a 
high of 93 degrees) by acclimating it 
through a series of successively higher 
temperatures. As a general rule aquatic 
animals can acclimate to elevated tem
peratures faster than they can to lowered 
temperatures. 

Allowing for maximum acclimation 
(which usually requires spreading the 
gradual rise of temperature over 20 
days), the highest temperatures that 
most fishes of North America can toler
ate range from about 77 to 97 degrees F. 
The direct cause of thermal death is not 
known in detail; various investigators 
have suggested that the final blow may 
be some effect of heat on the nervous sys
tem or the respiratory system, the coagu
lation of the cell protoplasm or the 
inactivation of enzymes. 

Be that as it may, we need to be con
cerned not so much about the lethal tem
perature as about the temperatures that 
may be unfavorable to the fish. In the 
long run temperature levels that ad
versely affect the animals' metabolism, 
feeding, growth, reproduction and other 
vital functions may be as harmful to a 
fish population as outright heat death. 

Studies of the preferred, or optimal, tem
perature ranges for various fishes have 
been made in natural waters and in the 
laboratory [see illustration on page 24]. 
For adult fish observed in nature the pre
ferred level is about 13 degrees F. below 
the lethal temperature on the average; 
in the laboratory, where the experimen
tal subjects used (for convenience) were 
very young fish, the preferred level was 
9.5 degrees below the lethal tempera
ture. Evidently young fish need warmer 
waters than those that have reached 
maturity do. 

The optimal temperature for any wa
ter habitat depends not only on the pref
erences of individual species but also on 
the well-being of the system as a whole. 
An ecological system in dynamic balance 
is like a finely tuned automobile engine, 
and damage to any component can dis
able or impair the efficiency of the entire 
mechanism. This means that if we are 
to expect a good harvest of fish, the tem
perature conditions in the water medium 
must strike a favorable balance for all 
the components (algae and other plants, 
small crustaceans, bait fishes and so on) 
that constitute the food chain producing 
the harvested fish. For example, above 
68 degrees estuarine eelgrass does not 
reproduce. Above 90 degrees there is ex
tensive loss of bottom life in rivers. 

So far there have been few recorded in-
stances of direct kills of fish by ther

mal pollution in U.S. waters. One record
ed kill occurred in the summer of 1968 
when a large number of menhaden ac
climated to temperatures in the 80's be
came trapped in effluent water at 93 to 
95 degrees during the testing of a new 
power plant on the Cape Cod Canal. A 
very large kill of striped bass occurred 
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in the winter and early spring of 1963 at 
the nuclear power plant at Indian Point 
on the Hudson River. In that instance 
the heat discharge from the plant was 
only a contributing factor. The winter
ing, dormant fish, attracted to the warm 
water issuing from the plant, became 
trapped in its structure for water intake, 
and they died by the thousands from fa
tigue and other stresses. (Under the right 
conditions, of course, thermal discharges 
benefit fishermen by attracting fish to 
discharge points, where they can be 
caught with a hook and line.) 

Although direct kills attributable to 
thermal pollution apparently have been 
rare, there are many known instances of 
deleterious effects on fish arising from 
natural summer heating in various U.S. 
waters. Pollution by sewage is often a 
contributing factor. At peak summer 
temperatures such waters frequently 
generate a great bloom of plankton that 
depletes the water of oxygen (by res
piration while it lives and by decay after 
it dies). In estuaries algae proliferating in 
the warm water can clog the filtering 
apparatus of shellfish and cause their 
death. Jellyfish exploding into abundant 
growth make some estuarine waters un
usable for bathing or other water sports, 
and the growth of bottom plants in warm 
waters commonly chokes shallow bays 
and lakes. The formation of hydrogen sul
fide and other odorous substances is en
hanced by summer temperatures. Along 
some of our coasts in summer "red tides" 
of dinoflagellates occasionally bloom in 
such profusion that they not only bother 
bathers but also may poison fish. And 
where both temperature and sewage con
centrations are high a heavy toll of fish 
may be taken by proliferating microbes. 

This wealth of evidence on the sen-
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sitivity of fish and the susceptibility of 
aquatic ecosystems to disruption by 
high temperatures explains the present 
concern of biologists about the impend
ing large increase in thermal pollution. 
Already last fall 14 nuclear power plants, 
with a total capacity of 2,782 megawatts, 
were in operation in the U.S.; 39 more 
plants were under construction, and 47 
others were in advanced planning stages. 
By the year 2000 nuclear plants are ex
pected to be producing about l.2 million 
megawatts, and the nation's total elec
tricity output will be in the neighbor
hood of l.8 million megawatts. As I 
have noted, the use of natural waters to 
cool the condensers would entail the 
heating of an amount of water equiva
lent to a third of the yearly freshwater 
runoff in the U.S.; during low-flow pe
riods in summer the requirement would 
be 100 percent of the runoff. Obviously 
thermal pollution of the waters on such a 
scale is neither reasonable nor feasible. 
'We must therefore look for more efficient 
and safer methods of dissipating the heat 
from power -plants. 

O ne might hope to use the heated wa-
ter for some commercial purpose. 

Unfortunately, although dozens of 
schemes have been advanced, no practi
cable use has yet been found. Discharge 
water is not hot enough to heat build
ings. The cost of transmission rules out 
piping it to farms for irrigation even if 
the remaining heat were enough to im
prove crop production. More promising 
is the idea of using waste heat in desali
nation plants to aid in the evaporation 
process, but this is still only an idea. 
There has also been talk of improving 
the efficiency of sewage treatment with 
waste heat from power plants. Sea farm-
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ing may offer the best hope of someday 
providing a needed outlet for discharges 
from coastal power plants; pilot studies 
now in progress in Britain and the U.S. 
are showing better growth of fish and 
shellfish in heated waters than in normal 
"vaters, but no economically feasible 
scheme has yet emerged. It appears, 
therefore, that for many years ahead we 
shall have to dispose of waste heat to the 
environment. 

The dissipation of heat can be facili
tated in various ways by controlling the 
passage of the cooling water through the 
condensers. The prevailing practice is to 
pump the water (from a river, a lake or 
an estuary) once through the steam-con
densing unit, which in a SOO-megawatt 
plant may consist of 400 miles of one
inch copper tubing. The water emerging 
from the unit has been raised in temper
ature by an amount that varies from 
10 to 30 degrees F., depending on the 
choice of manageable factors such as the 
rate of flow. This heated effluent is then 
discharged through a channel into the 
body of water from which it was taken. 
There the effluent, since it is warmer and 
consequently lighter than the receiving 
water, spreads in a plume over the sur
face and is carried off in the direction of 
the prevailing surface currents. 

The ensuing dispersal of heat through 
the receiving water and into the atmo
sphere depends on a number of natural 
factors: the speed of the currents, the 
turbulence of the receiving water (which 
affects the rate of mixing of the effluent 
with it), the temperature difference be
tween the water and the air, the humid
ity of the air and the speed and direction 
of the wind. The most variable and most 
important factor is wind: other things 
being equal, heat will be dissipated from 

3 2 0 

500 600 700 

HOT-WATER "PLUME" that would result from an Indian Point 

nuclear power plant mixes with cooler Hudson River as shown by 

the one-degree contour lines. This section across the river shows 
temperature structure that was predicted by engineering studies_ 
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the water to the air by convection three 
times faster at a wind speed of 20 miles 
per hour than at a wind speed of five 
miles. 

In regulating the rate of water flow 
through the condenser one has a choice 
between opposite strategies. By using a 
rapid rate of flow one can spread the 
heat through a comparatively large vol
ume of cooling water and thus keep 
down the temperature of the efHuent; 
conversely, with a slow rate of flow one 
can concentrate the heat in a smaller vol
ume of coolant. If it is advantageous to 
obtain good mixing of the efHuent with 
the receiving water, the efHuent can be 
discharged at some depth in the water 
rather than at the surface. The physical 
and ecological nature of the body of 
water will determine which of these 
strategies is best in a given situation. 
Where the receiving body is a swift
flowing river, rapid flow through the 
condenser and dispersal of the low-tem
perature efHuent in a narrow plume over 
the water surface may be the most effec
tive way to dissipate the heat into the at
mosphere. In the case of a still lake it 
may be best to use a slow flow through 
the condenser so that the comparatively 
small volume of efHuent at a high tem-
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perature will be confined to a small area 
in the lake and still transfer its heat to 
the atmosphere rapidly because of the 
high temperature differential. And at a 
coastal site the best strategy may be to 
discharge an efHuent of moderate tem
perature well offshore, below the ocean
water surface. 

There are many waters, however, 
where no strategy of discharge will 

avail to make the water safe for aquatic 
life (and where manipulation of the dis
charge will also be insufficient to avoid 
dangerous thermal pollution), particular
ly where a number of industrial and 
power plants use the same body of wa
ter for cooling purposes. It therefore ap
pears that we shall have to turn to ex
tensive development of devices such as 
artificial lakes and cooling towers. 

Designs for such lakes have already 
been drawn up and implemented for 
plants of moderate size. For the 1,000-
megawatt power plant of the future a 
lake with a surface area of 1,000 to 2,000 
acres would be required. (A 2,000-acre 
lake would be a mile wide and three 
miles long.) The recommended design 
calls for a lake only a few feet deep at 
one end and sloping to a depth of 50 

feet at the other end. The water for 
cooling is drawn from about 30 feet be
low the surface at the deep end and is 
pumped through the plant at the rate of 
500,000 gallons per minute, and the ef
fluent, 20 degrees higher in temperature 
than the inflow, is discharged at the 
lake's shallow end. The size of the lake is 
based on a pumping rate through the 
plant of 2,000 acre-feet a day, so that all 
the water of the lake (averaging 15 feet 
in depth) is turned over every 15 days. 
Such a lake would dissipate heat to the 
air at a sufficient rate even in prolonged 
spells of unfavorable weather, such as 
high temperature and humidity with 
little wind. 

Artificial cooling lakes need a steady 
inflow of water to replace evaporation 
and to prevent an excessive accumula
tion of dissolved material. This replen
ishment can be supplied by a small 
stream flowing into the lake. The lake it
self can be built by damming a natural 
land basin. A lake complex constructed 
to serve not only for cooling but also for 
fishing might consist of two sections: the 
smaller one, in which the efHuent is dis
charged, would be stocked with fishes 
tolerant to heat, and the water from this 
basin, having been cooled by exposure to 

60 65 70 75 80 85 90 95 100 105 110 
TEMPERATURE (DEGREES FAHRENHEIT) 

FISHES VARY WIDELY in temperature preference. Preferred 

temperature ranges are shown here for some species for which they 

have been determined in the field (dark colored bands) and, gen· 
erally for younger fish, in the laboratory (light color). The chart 

also indicates the upper lethal limit (black dot) and upper limits 

recommended by the Federal Water Pollution Control Administra· 

tion for satisfactory growth (colored dot) and spawning (white 

dot}. Temperatures well below lethal limit can be in stress range. 
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the air, would then flow into a second 
and larger lake where other fishes could 
thrive. 

In Britain, where streams are small, wa-
ter is scarce and appreciation of 

aquatic life is high, the favored artificial 
device for getting rid of waste heat from 
power plants has been the use of cooling 
towers. One class of these towers em
ploys the principle of removing heat by 
evaporation. The heated effluent is dis
charged into the lower part of a high 
tower (300 to 450 feet) with sloping 
sides; as the water falls in a thin film over 
a series of baffles it is exposed to the air 
rising through the tower. Or the water 
can be sprayed into the tower as a mist 
that evaporates easily and cools quickly. 
In either case some of the water is lost to 
the atmosphere; most of it collects in a 
basin and is pumped into the waterway 
or recirculated to the condensers. The re
moval of heat through evaporation can 
cool the water by about 20 degrees F. 

The main drawback of the evapora
tion scheme is the large amount of water 
vapor discharged into the atmosphere. 
The towers for a 1,000-megawatt power 
plant would eject some 20,000 to 25,000 
gallons of evaporated water per minute
an amount that would be the equivalent 
of a daily rainfall of an inch on an area 
of two square miles. On cold days such 
a discharge could condense into a thick 
fog and ice over the area in the vicinity 
of the plant. The "wet" type of cooling 
tower may therefore be inappropriate in 
cold climates. It is also ruled out where 
salt water is used as the coolant: the salt 
spray ejected from a single large power 
plant could destroy vegetation and oth
erwise foul the environment over an area 
of 160 square miles. 

A variation of the cooling-tower sys
tem avoids these problems. In this refine
ment, called the "dry tower" method, 
the heat is transferred from the cooling 
water, through a heat exchanger some
thing like an enormous automobile radi
ator, directly to the air without evapora
tion. The "dry" system, however, is two 
and a half to three times as expensive to 
build as a "wet" system. In a proposed 
nuclear power plant to be built in Ver
non, Vt., it is estimated that the costs 
of operation and amortization would be 
$2.1 million per year for a dry system 
and $800,000 per year for a wet system. 
For the consumer the relative costs 
would amount respectively to 2.6 and 1 
percent of the bill for electricity. 

The public-utility industry, like other 
industries, is understandably reluctant to 
incur large extra expenses that add sub-
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ACCLIMATION extends the temperature range in which a fish can thrive, but not indef· 

initely. For a young sockeye salmon acclimated as shown by the horizontal scale, spawning 

is inhibited outside the central (light color) zone and growth is poor outside the second 
zone (medium color); beyond the outer zone (dark color) lie the lethal temperatures. 
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AQUATIC ECOSYSTEM is even more sensitive to temperature variation than an individual 

fish. A single game·fish species, for example, depends on a food chain involving smaller 

fishes, invertebrates, plants and dissolved nutrients. Any change in the environment that 

seriously affects the proliferation of any link in the chain can affect the harvest of game fish. 
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HOT WATER -----7 

'.. " "'I� • " . ':" :. 

COOLING TOWER is one device that can dissipate industrial heat without dumping it 

directly into rivers or lakes. This is a "wet," natural·draft, counterflow tower. Hot water 

from the plant is exposed to air moving up through the chimney.like tower. Heat is removed 

by evaporation. The cooled water is emptied into a waterway or recirculated through the 

plant. In cold areas water vapor discharged into the atmosphere can create a heavy fog. 

HOT WATER -----7 

COOL WATER <E---

"DRY" COOLING TOWER avoids evaporation. The hot water is channeled through tubing 

that is exposed to an air flow, and gives lip its heat to the air without evaporating. In this 

mechanical·draft version air is moved through the tower by a fan. Dry towers are costly. 
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stantially to the cost of its product and 
services. There is a growing recognition, 
however, by industry, the public and the 
Government of the need for protecting 
the environment from pollution. The 
Federal 'Vater Pollution Control Admin
istration of the Department of the Inte
rior, with help from a national advisory 
committee, last year established a provi
sional set of guidelines for water quality 
that includes control of thermal pollu
tion. These guidelines specify maximum 
permissible water temperatures for indi
vidual species of fish and recommend 
limits for the heating of natural waters 
for cooling purposes. For example, they 
suggest that discharges that would raise 
the water temperature should be avoided 
entirely in the spawning grounds of cold
water fishes and that the limit for heating 
any stream, in the most favorable season, 
should be set at five degrees F. outside a 
permitted mixing zone. The size of such 
a zone is likely to be a major point of 
controversy. Biologists would limit it to 
a few hundred feet, but in one case a 
power group has advocated 10 miles. 

It appears that the problem of thermal 
pollution will receive considerable at
tention in the 91st Congress. Senator 
Edward M. Kennedy has proposed that 
further licensing of nuclear power-plant 
construction be suspended until a thor
ough study of potential hazards, includ
ing pollution of the environment, has 
been made. Senator Edmund S. Muskie's 
Subcommittee on Air and 'vVater Pollu
tion of the Senate Committee on Public 
Works last year held hearings on thermal 
pollution in many parts of the country. 

Thermal pollution of course needs to 
be considered in the context of the 

many other works of man that threaten 
the life and richness of our natural 
waters: the discharges of sewage and 
chemical wastes, dredging, diking, filling 
of wetlands and other interventions that 
are altering the nature, form and extent 
of the waters. The effects of any one of 
these factors might be tolerable, but the 
cumulative and synergistic action of all 
of them together seems likely to impov
erish our environment drastically. 

Temperature, Gordon Gunter of the 
Gulf Coast Research Laboratory has re
marked, is "the most important single 
factor governing the occurrence and be
havior of life." Fortunately thermal pol
lution has not yet reached the level 
of producing serious general damage; 
moreover, unlike many other forms of 
pollution, any excessive heating of the 
waters could be stopped in short order 
by appropriate corrective action. 
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POWER PLANT being completed by the Tennessee Valley Au

thority on the Green River in Kentucky will be the world's largest 

coal-fueled electric plant. Its three wet, natural-draft cooling towers, 

INDUSTRIAL PLANTS of various kinds can use towers to cool 

process water. These two five-cell cooling towers were built by the 

Marley Company for a chemical plant. They are wet, mechanical-

each 437 feet in height and 320 feet in diameter at ground level, 

will each have a capacity of 282,000 gallons of water a minute, 

which they will be able to cool through a range of 27.5 degr.ees. 

draft towers of the cross-flow type: a fan in each stack draws air in 

through the louvers, across films of falling water and then up. The 

towers cool 120,000 gallons �: minute through a 20-degree range. 
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SUPERPLASTIC NIETALS 

A ne,v approach to the processing of metals makes it possible 

to fonn them by Inethods usually reserved for glass and plastics. 

This processing gIves the lnetals a distinctive nlicl'ostructure 

by II. W. ] layden, R. C. Gibson and J. I-I. Brophy 

T
he behavior of such substances as 
taffy and glass when they are heat
ed to their softening point and 

gently pulled is conspicuously plastic: 
they can be stretched to many times their 
original length, and they retain the new 
shape after they have cooled. This prop
erty is not ordinarily shared by metals. 
A piece of metal under tension charac
teristically parts before it reaches twice 
its original length, unless it is squeezed 
as it deforms (as it is in the drawing of 
wire) to counteract its tendency to "neck 
down" and break. Recent work in metal
lurgy, however, has turned up a number 
of metal alloys that will behave like taffy 
or glass if certain significant steps are 
taken in their processing. The phenome
non is so remarkable in metals that it has 
come to be known as superplasticity. 

The implications of superplasticity in 
metals are far-reaching. Several groups 
of investigators have demonstrated on a 
laboratory scale that fabrication tech
niques formerly applied only to glass and 
plastics may now be applicable to super
plastic metal alloys. For example, Walter 
A. Backofen and his colleagues at the 
Massachusetts Institute of Technology 
have shaped a zinc-aluminum alloy by 
gas pressure in an operation allalogous 
to glass blowing [see top illustration on 
page 35]. D. S. Fields, Jr., of the In
ternational Business Machines Corpora
tion has formed large and complicated 
shapes from superplastic alloys, produc
ing parts that could never be fabricated 
as single pieces by conventional meth
ods. Two companies in Britain, the Brit
ish Leyland Motor Corporation and the 
Rio Tinto Zinc Company, have devel
oped a superplastic zinc-aluminum alloy 
that can be formed into panels for auto
mobile bodies by the conventional tech
niques for shaping plastics. 

Superplasticity in metals was first ob-
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served by Claude E. Pearson of the Uni
versity of Durham. In 1934, while test
ing the properties of certain lead-tin 
and bismuth-tin alloys, he found that 
samples could be pulled to 10 to 20 times 
their original length. For many years 
thereafter the phenomenon was regard
ed mainly as a laboratory curiosity. Only 
during the past five years, with the grow
ing realization that superplasticity pro
vides new opportunities for a highly 
versatile and potentially low-cost means 
of fabricating metals on a commercial 
scale, has there been any systematic 
search for superplastic alloys. A recent 
review listed 14 alloys in which super
plasticity has been demonstrated. 

Two types of superplasticity have been 
observed. One of them is called trans

formation superplasticity because it is 
characterized by allotropic transfonna
tions, meaning that under different con
ditions the alloys assume different crys
tal structures, much as carbon does in 
forming graphite and diamond. The al
loys that exhibit this kind of superplas
ticity change from one crystal form to 
another at a fixed temperature or over a 
range of temperatures. If such materials 
are subjected to a load while the temper
ature is repeatedly cycled above and 
below the transformation temperature, 
they can be greatly stretched. 

The second type of superplasticity is 
called isothermal superplasticity because 
the temperature need not be cycled for 
the alloys to be stretched. The only re
quirement is that the alloys be heated 
to about half their melting temperature 
(measured on an absolute basis such as 
the Kelvin scale rather than on an arbi
trary one such as the Celsius and Fahren
heit scales). At such temperatures the 
alloys can deform superplastically when 
they are subjected to load. Most inves
tigations of superplastic behavior have 
been concerned with systems that show 
this kind of superplasticity. The reason is 
that if superplasticity is to be applied to 
the commercial fabrication of metals, it 
would seem more feasible to have the 
equipment operating at a single temper
ature than to cycle it repeatedly over a 
range of temperatures. 

Since isothermal superplasticity re
quires a temperature about half the ab
solute melting temperature of the alloy, 
superplasticity can occur over a wide 
range of temperatures, depending on the 
material. Alloys of lead and tin can be 
superplastic at room temperature. Alloys 
of aluminum and zinc require tempera
tures of several hundred degrees C. to 
achieve superplasticity. Although super
plasticity has not yet been observed in 
alloys of tungsten, it can be expected (if 
it occurs at all) to require temperatures 

SUPERPLASTICITY is demonstrated by a nickel-chromium-il'on alloy. At bottom is a 

three-inch sample, threaded so that it can be held securely in a mnchine that puts the materinl 
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ranging from 1,500 to 2,000 degrees C. 
The fact that superplasticity requires 

an elevated temperature suggests that 
the process is dependent on the diffusion 
of atoms in the crystalline structure of 
the material. A metal is made up of tiny 
crystalline "grains"; each grain is a single 
crystal in which the atoms are stacked 
in a regular array. The border between 
one such crystal and another (in which 
the atoms are arrayed in a different ori
entation) is called a grain boundary. 
When the atoms in a crystal are mobile 
enough, they can diffuse from one posi
tion in the crystal lattice to another. Such 
mobility arises from thermal agitation, 
although thermal agitation alone would 
cause only random motion. The applica
tion of a load tends to provide the more 
ordered movement that would seem to 
be essential to superplasticity. 

A !lother characteristic of superplasticity 
fi is an unusual relation between stress 
and the rate of strain. (Stress is a force 
causing deformation and is expressed in 
terms such as pounds per square inch; 
strain rate is the speed of deformation 
and is expressed in terms such as inches 
per inch per minute.) The unusual rela
tion is that a variation in applied stress 
causes at first a much greater change in 
the strain rate of a superplastic alloy than 
it does in a normal alloy. 'vVe have com
pared a nickel-based superplastic alloy 
with a normal one when both were put 
under tensile stress at a temperature 
of 1,000 degrees C. At stresses ranging 
from about 300 pounds per square inch 
to about 20,000 pounds per square inch 
the superplastic alloy stretched to more 
than 800 percent of its original length 
without breaking. How much farther it 
could have gone we do not know, be
cause at 800 to 1,000 percent elongation 
it had reached the limit of travel in our 
testing machine. The normal alloy broke 
in every case before reaching as much as 
twice its original length. Its deformation 
rate was much less sensitive than that 
of the superplastic alloys to increases in 
stress. A superplastic alloy, however, is 
like taffy or "silly putty": if it is pulled 

too fast, it may break, but at a slow rate 
of pull it stretches a long way. 

Superplastic alloys have a very fine 
grain structure. A case in point is a super
plastic alloy of nickel, chromium and 
iron that we photographed after it had 
been under tensile stress for an hour at 
a temperature of 1,000 degrees C. and 
had elongated almost 1,000 percent; 
the diameter of the grains in the matrix 
phase (a nickel-rich solid solution) was 
about three microns. If a normal nickel
chromium-iron alloy were subjected to 
a similar test, it would elongate less than 
100 percent, and the diameter of its 
grains would be between 25 and 2,500 
microns. 

Fine grain sizes are rather rare in met
allurgy, particularly after a metal has 
been kept at a high temperature for 
a considerable time. Grain boundaries 
are high-energy imperfections in solids; 
hence when a solid is heated to an ele
vated temperature, it has a tendency to 
decrease the amount of excess energy 
represented by grain-boundary area. As 
a result the grains grow. The larger the 
grain size, the smaller the grain-bound
ary area per unit of volume. The secret 
of attaining superplasticity, then, seems 
to be finding ways of preventing the nor
mal process of grain growth. 

Most of the alloys that have been ob-
served to behave superplastically 

are two-phase alloys, such as the nickel
chromium-iron alloy we have mentioned. 
In 1948 Clarence M. Zener, who was 
then working at the University of Chi
cago, demonstrated theoretically that the 
presence of a finely dispersed second 
phase (chromium-rich in our example) 
could inhibit the growth of grains in a 
major matrix phase (nickel-rich). It 
would be as difficult for large grains to 
form under such conditions as it would 
be to form large soap bubbles by blowing 
a film of soap through a very fine screen. 

Thus a prerequisite to obtaining su
perplasticity is knowing how to create 
what we call a microduplex structure. 
The term reflects the fact that the struc
ture must be fine-grained and have two 

phases. Such a structure can be created 
by a variety of methods. In the nickel
chromium-iron example the superplastic 
alloy and the normal one were of iden
tical chemical composition. The differ
ence between them lay in the different 
processing we gave them before subject
ing them to tensile stress. 

The methods that have been em
ployed to produce superplasticity in vari
ous alloy systems utilize one or more of 
the familiar metallurgical processes of 
hot-working, cold-working, recrystalliza
tion and precipitation. All of them are 
included in the general term "thermome
chanical proceSSing." Let us describe the 
thermomechanical processing schedules 
followed to produce microduplex struc
tures in three different alloy systems: 
lead-tin, zinc-aluminum and nickel-chro
mium-iron. The reader may find it help
ful to refer to the three metallurgical 
phase diagrams [page 33] representing 
the three systems. (A phase diagram 
shows the effect of temperature and com
pOSition on the constitution of an alloy 
system, indicating whether the equilibri
um state of a given composition at a giv
en temperature is liquid, a mixture of a 
liquid phase and a solid phase, a Single 
solid phase or a mixture of two or more 
solid phases.) 

In the case of the lead-tin alloy the 
phase diagram shows that an alloy of 60 
percent tin and 40 percent lead should 
be composed of two solid phases at all 
temperatures below the temperature at 
which a liquid is formed. This alloy can 
be given a microdtiplex structure by 
drastic extrusion. Extrusion is what hap
pens when one squeezes toothpaste from 
a tube: a material with a large cross sec
tion is reduced to a smaller cross section 
by being pushed through a die. Extru
sion has the effect of redUCing the cross
sectional area of the grains in a metal. 
As a grain is squeezed its length is ini
tially increased in accordance with the 
reduction of cross-sectional area; the vol
ume of the grain remains constant. The 
energy put into the system by the opera
tion of extrusion is dissipated to a certain 
extent by recrystallization, in which 

under tensile stress. At top is a sample that has been heated and 
stretched; it is 13% inches long. The effects of the heat have dark· 

ened the material. Superplasticity arises from a distinctive internal 
structure created in the material by preliminary processing steps. 
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an individual long, narrow and heavily 
strained grain is broken up into several 
short and narrow ones that are strain
free. Thus a microduplex structure is 
easily produced by a single drastic de
formation. 

In zinc-aluminum alloys phase trans
formations in the solid state play a more 
important role than they do in lead-tin 
alloys. The phase diagram for zinc-alu
minum shows that when an alloy that 
contains 78 percent zinc and 22 percent 
aluminum is heated to a temperature 
above 275 degrees C., it will be trans
formed from a mixture of two solid 
phases into a single solid phase. If the 
alloy is heated to such a temperature and 
then quickly cooled to room tempera
ture or lower (even to the temperature of 
liquid nitrogen), the single phase that 
existed at the high temperature will be 
momentarily retained, even though this 
is not the equilibrium state at the new 
temperature. Soon, however, since the 
tendency toward the equilibrium state is 
strong, the single-phase alloy will de
compose into the equilibrium two-phase 
state, giving off heat. (This process of 
decomposition has become a classroom 
demonstration of an exothermic, or heat
releasing, reaction. A student is handed a 
sample of the alloy immediately after it 
is quenched from the high temperature; 
it is as cold as the temperature of the 
medium in which it was quenched. Then 
the decomposition reaction begins and 
the sample rapidly becomes warmer. Be
fore long it is so hot that the student 
has to drop it.) The net result of the de
composition reaction is that an initially 
coarse-grained high-temperature phase 
decomposes into a very fine-grained 
mixture of two phases: a microduplex 
structure. 

If, instead of following the quenching 
procedure, one slowly cools the alloy 
from above 275 degrees C. to a tempera
ture below the equilibrium-transforma
tion temperature, the resulting structure 
is a coarse-grained aluminum-rich phase 
with a dispersed zinc-rich precipitate 
distributed within the coarse grains. Me
chanical testing demonstrates that the 
quenched and transformed material is 
superplastic, whereas the slowly cooled 
material is not. The contrast in the micro
structures of the two materials is distinct 
[see bottom illustration on page 35]. 

We see thus far that the best process-
ing schedule for producing a micro

duplex structure in a lead-tin alloy is 
quite different from the one for produc
ing such a structure in a zinc-aluminum 
alloy. The procedure for the lead-tin ma
terial was based on deformation by hot-
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working; for the zinc-aluminum alloy the 
technique involved the appropriate heat 
treatment and cooling rates. Now let us 
look at a processing schedule (for a nick
el-chromium-iron alloy) that involves a 
combination of deformation and the ap
propriate heating and cooling. 

The phase diagram for the nickel
chromium-iron alloy shows that some 
mixtures of these metals may be heated 
to a quite high temperature (1,200 to 
1,260 degrees C.), at which the equilib
rium structure is a Single-phase one. At 
lower temperatures (from room tempera
ture to about 1,100 degrees C.) the equi
librium structure consists of two phases. 
One method of forming a micro duplex 
structure in these alloys involves heating 
the material to the high temperature to 
form a single phase. The alloy is then 
hot-worked by such processes as forg
ing or rolling. Hot-working is continued 
while the temperature of the workpiece 
decreases well into the two-phase region. 

During the deformation and cooling 
there is a mutual occurrence of the two 
processes of recrystallization and precip
itation. In recrystallization the stored en
ergy in a heavily deformed large grain 
can be partly relieved by the formation 
of a number of smaller grains within the 
originally large one. In precipitation a 
second phase is formed from within a 
primary phase. In the superplastic nick
el-chromium-iron alloys the second 
phase preferentially precipitates at the 
graiil boundaries of the fine-grained pri
mary phase. By its presence the second 
phase greatly retards the process of grain 
growth that would normally occur in the 
primary phase on reheating. This process 
has been successfully applied to the 
production of micro duplex structures in 
several nickel-chromium-iron alloys in 
ingots ranging in weight from 30 pounds 
to 10 tons. 

An alternative method for producing 
a microduplex structure in nickel-chro
mium-iron alloys involves heating the 
material to a temperature in the single
phase region and then quenching it to 
room temperature. In contrast to the 
zinc-aluminum alloys the high-tempera
ture single phase does not spontaneously 
decompose into the equilibrium two
phase structure but is instead retained in 
a barely stable state. The quenched ma
terial is heavily cold-worked and then 

heated to a reasonably high temperature 
in the two-phase region; the tempera
ture might be between 850 and 1,000 
degrees C. Recrystallization and precip
itation take place during the heating, 
with the creation of a microduplex struc
ture. The crucial step is the cold-work
ing. If it is omitted, there is not enough 
stored energy to cause recrystallization 
during the heating. Only precipitation 
occurs, so that the resulting structure 
consists of a coarse-grained matrix phase 
with most of the second phase distrib
uted within the large grains. 

Many other procedures have been 
used to obtain microduplex structures, 
and doubtless still more of them will be 
worked out. Our main point here is that 
there are several ways. The central con
cept is that the processing steps have 
to be adapted to the particular thermo
mechanical responses of the given alloy 
system. 

Knowing the procedures to follow in 
creating a microduplex structure is 

one thing; understanding the mecha
nisms that take place within the metal 
during superplastic deformation is quite 
another matter. Indeed, the answer to 
the seemingly simple question of what 
atomic mechanisms give rise to super
plasticity is a subject of great metal
lurgical controversy. Several detailed ex
planations of the mechanisms have been 
proposed. Perhaps when the picture is 
complete it will reveal that different ex
planations apply to different superplastic 
alloys. 

The presence of extremely fine grains 
means that any superplastic alloy has a 
larger amount of grain-boundary area 
per unit of volume than would be found 
in a coarse-grained alloy that was not su
perplastic. Grain boundaries can serve 
many important functions in high-tem
perature deformation; for example, they 
can act as sources and sinks for vacan
cies and dislocations, which are defects 
known to give rise to metallic defOl'ma
tion. Or, at very high temperatures, dis
placements between adjacent grains can 
take place by sliding along the grain 
boundaries. Hypotheses attempting to 
explain superplasticity must first account 
for the phenomenon's dependence on ex� 
tremely fine grain sizes. Another matter 
to be accounted for is the distinctive rela-

INTERNAL STRUCTURE of a specimen of superplastic steel consisting of ferrite (color) 

and austenite (white) is emphasized by the colors in the photomicrograph on the opposite 

page. The specimen was prepared by an etching process that colored the ferrite phase but 

not the austenite phase. The dark lines outline grains, which are regions of similarly 

aligned atoms. Grains are here enlarged 3,000 diameters. A fine·grained, two·phase struc

ture, which is called a microduplex structure, is characteristic of superplastic metals. 
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COARSE·GRAINED STRUCTURE of a nickel.iron·chromium al. 
loy that is not superplastic is apparent in this photomicrograph at 

an enlargement of 2,700 diameters. A single grain is outlined in 

FINE·GRAINED STRUCTURE that is characteristic of super· 
plastic metals appears in an alloy that is identical in chemical 

composition with the one shown in the photograph at the top of 
this l)age. The small grain size of the superplastic alloy results 

the center of the photograph by the rhin, dark boundary. The 

matrix of the grain is nickel.rich; the finer particles inside the 

grain and the adjacent grains are a chromium·rich solid solution. 

from the thermal and mechanical processing it received. Lighter 
regions are chromium·rich and the darker ones are nickel·rich. 
The dark lines in the nickel·rich matrix phase are the grain bounda· 

ries. In this photomicrograph the enlargement is 1,300 diameters. 
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tion between stress and strain rate in 
superplastic metals. 

Among the hypotheses that have been 
proposed are vacancy creep, dislocation 
creep and grain-boundary sliding [see il
lustration on next page J. A vacancy is 
the absence of an atom from a position 
where one would be expected in a crystal 
lattice; a dislocation is a line of disorder 
in the lattice caused by a missing plane 
of atoms or an extra plane. Vacancies 
and dislocations are known to exist in 
metals. Vacancy creep would involve 
deformations caused by the movement 
of atoms and vacancies. This basic mode 
of deformation was first proposed in 
1950 by Conyers Herring of the Bell 
Telephone Laboratories and F. R. N. 
Nabarro of Bristol University. It recog
nizes that under a state of stress atoms 
tend to move from positions that are at
tempting to contract to positions that are 
attempting to extend. 

Herring and Nabarro proposed that 
this diffusive movement takes place in
side grains. Robert L. Coble of M.LT. 
suggested later that the diffusion might 
occur through the grain boundary more 
readily than through the volume of the 
grain. In either case a fine grain size 
means shorter paths for diffusion than 
would be possible with large grains and 
hence a shorter period of time for an 
atom to move from one location to an
other. Both mechanisms would lead to 
faster rates of deformation at a fixed level 
of stress and so could account for super
plasticity. vVith these mechanisms, how
ever, stress should be directly propor
tional to strain rate, which is not usually 
the case in superplastic alloys. 

O ur group has proposed the disloca-
tion-creep mechanism on the basis of 

predictions made earlier by Johannes 
Weertman of Northwestern University. 
The mechanism involves the motion of 
atoms, vacancies and dislocations. Under 
conditions of normal high-temperature 
deformation (which is also called creep) 
in coarse-grained materials, dislocations 
usually become entangled, forming dis
location cells within each grain. Each 
dislocation cell consists of a region of al
most perfect crystal bounded by a wall 
of tangled dislocations. The size of the 
cells is normally reciprocally related to 
the applied stress: the lower the stress, 
the larger the cells. Predictions of cell 
size in fine-grained materials suggested 
that even at rather high stresses the 
dislocation cells should be larger than 
grains as small as those in a microduplex 
alloy. Hence it is unlikely that disloca
tion cells would form in such materials. 

Other predictions that we have made 
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on the basis of our experiments suggest 
another distinction between the behav
ior of dislocations in a coarse-grained 
material and their behavior in a fine
grained material. In coarse-grained ma
terials dislocations can pile up on a 
single plane of slippage, whereas in fine
grained materials there would be little 
likelihood of pileups except at rather 

t 

C\...\'iJI'O 

high levels of stress. We believe that the 
usual accumulation of dislocation cells 
and dislocation pileups found in con
ventional high-temperature deformation 
does not take place in the microduplex 
structure because the smallness of the 
grains allows no room for such disloca
tion phenomena. Since dislocation cells 
and pileups inhibit creep, their relative 

VACANCY CREEP 

DISLOCATION CREEP 

absence facilitates it and hence provides 
an explanation of superplasticity. More
over, our calculations indicate that in dis
location creep, stress should be propor
tional to the square root of strain rate 
and to the grain size at a fixed strain rate. 
'.Ve have observed both relations in our 
experiments with superplastic nickel
chromium-iron alloys. 
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MECHANISMS OF SUPERPLASTICITY may include vacancy 

creep (top), dislocation creep (middle) and grain-boundary slid

ing (bottom). At top left is a single grain, together with parts of 

adjacent grains; the metal is under tensile stress indicated by the 

short vertical arrows. An atom can move into a vacancy, which is 

an empty place in a crystalline array of atoms; the movement 
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leaves a vacancy, which is replaced by another atom, so that the 

vacancy creeps through the grain (left) or along its boundary 

(right). A similar mechanism occurs in dislocation creep; a dis

location is a line of disorder caused hy a missing plane of atoms 

01' an extra plane. Glide and climb movements are indicated. In 

grain-boundary sliding the crystal's grains slide past one another. 
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Grain-boundary sliding has been sug
gested by several investigators as a 
mechanism of superplasticity. It involves 
the displacement of one grain in relation 
to another. Recent evidence suggests the 
existence of grain-boundary dislocations, 
which can move by both gliding and 
climbing, as in the case of dislocations 
inside a grain. Calculations made before 
this evidence was obtained suggest that 
in grain-boundary sliding, stress should 
be proportional to strain rate. It remains 
to be seen if the recent recognition of 
grain-boundary dislocations will lead to 
new predictions for strain-rate sensitivity 
that are more in line with what is ob
served in superplastic alloys. 

p romising though superplasticity is for 
new ways of fabricating metals, this 

promise will not be realized if after fab
rication the alloys fail to show such oth
er useful engineering properties as high 
strength, toughness, resistance to corro
sion and quite possibly resistance to de
formation at high temperatures. The 
property of resistance to deformation at 
high temperatures is precisely the oppo
site of what one seeks in superplasticity. 
Hence achieving it would require the 
ability in a superplastic alloy to "turn 
off" the superplasticity once it has 
achieved its purpose. 

We have investigated these require
ments by experiments with stainless 
steels that can be shaped superplas
tically. These experiments have demon
strated a classic relation between struc
ture and properties: strength increases 
with decreasing grain size. The ultrafine 
two-phase structure in the superplastic 
stainless steel results in higher strength, 
greater toughness and better fatigue re
sistance at room temperature than are 
found in conventional grades of stainless 
steel with the normal microstructural 
coarseness. 

We have also found that recognition 
of the microstructural conditions that 
give rise to superplasticity enables us to 
control its occurrence, that is, to turn it 
off when it is no longer needed. The tech
nique is to give the material a heat treat
ment after it has been superplastically 
shaped. The treatment coarsens the 
structure, thereby preventing further su
perplastic deformation. By this means 
we have developed nickel-base alloys 
that can be deformed easily and super
plastically at an elevated temperature 
and then put into service at an even 
higher temperature. With the qualities 
of versatile shaping and high strength af
ter shaping, superplastic alloys appear 
to be on the verge of commercial useful
ness. 

METALLIC BUBBLE was blown by gas pressure in a superplastic zinc-aluminum alloy at 

the Massachusetts Institute of Technology in work by David 1. Holt, Pracheeshwar S. 

Mathur, Thomas Thomsen and Walter A. Backofen. Initially the alloy was flat. The bubble 

is virtually impossible to produce by a simple operation in metals lacking superplasticity. 

DETAILED VIEW of the internal structure of a superplastic zinc·aluminum alloy (left) 

and an identical alloy that is not superplastic is provided by these photomicrographs and 

the related drawings. The specimens are shown after they have been subjected to tensile 

stress. In the superplastic alloy the zinc second phase, which is the dark material, is dis

tributed within the aluminum matrix; in the ordinary metal the zinc phase grows from 

the grain boundaries. The enlargement of these photomicrographs is about 1,500 diameters. 
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Phases in Cell Differentiation 

By culti()ating embryonic tissue In the laboratory one can study the 

specialization of cells In the mammalian pancreas. There seem to be 

three regulatory phases, each leading to a new stage of differentiation 

by Norman K. Wessells and William 1. Rutter 

H
ow does a single cell-the fertil

ized egg-give rise to the many 
different cell types of a multi

cellular organism? After fertilization of 
an egg by a spermatozoon the number of 
cells in the developing embryo increases 
dramatically. Soon three classes of cells 
can be distinguished: ectodermal and 
endodermal cells respectively make up 
an outer and an inner embryonic layer, 
and mesodermal cells constitute an in
termediate layer. These cells come to be 
arranged in groups that develop into 
recognizable tissues and organs. Ulti
mately several hundred kinds of cells can 
be distinguished in an adult mammal. 
The process of functional and structural 
specialization of cells is called differen
tiation, and the mechanisms controlling 
differentiation remain major mysteries of 
biology. 

Experimental work done by embryolo
gists since 1900 has demonstrated that 
interactions between cells play an im
pOl·tant role in differentiation. The de
velopment of some organs, including the 
pancreas, the liver and the lungs, de
pends on discrete sets of cells derived 
from the embryonic gut endoderm and 
also on adjacent mesodermal cells; the 
brain, the mammary glands and the 
limbs involve combinations of certain 
ectodermal and mesodermal cells. Ex
periments with intact embryos and with 
laboratory cultures of combinations of 
tissues indicate that for normal develop
ment the two interacting tissues must be 
adjacent to each other. A fundamental 
and still unanswered question is: How 
does one cell influence the development 
of another? 

What happens within cells during de
velopment to make one cell type differ
ent from another? Since nearly all cells 
have some phYSiological activities in 
common, all must contain some of the 
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same enzymes and structures, and mere 
quantitative differences among cells in 
this common metabolic machinery would 
not in themselves confer unique charac
teristics on a given cell. For that a cell 
has a group of specific proteins respon
sible for its specialized functions: muscle 
cells contain contractile proteins, plasma 
cells make antibodies, red blood cells 
form hemoglobin and so on. What con
trols these qualitative differences? This 
is a second fundamental and still m1an
swered question. 

In this article we shall approach these 
two major questions by discussing the 
differentiation of the mammalian pan
creas. First we shall outline the develop
ment of the pancreas and then describe 
a detailed investigation of interactions 
between cells and the regulation of spe
cific protein synthesis in this organ. The 
view of differentiation gleaned from this 
work, carried out in our laboratories at 
Stanford University and the University 
of Washington, may be generally ap
plicable to other organ systems. 

The mammalian pancreas manufac-
tures enzymes that digest foodstuffs 

and also secretes two hormones that reg
ulate the metabolism of carbohydrates. 
Different populations of cells are in
volved in the two functions. The exo
crine cells make about a dozen specific 
proteins that are involved in the break
down of proteins, carbohydrates, fats 
and nucleic acids. Some are synthesized 
as active enzymes and others as inactive 
precursors called zymogens; all of them 
are stored within the cells in granules. 
The exocrine cells are arranged in clus
ters called acini and secrete the contents 
of their granules into a duct system that 
leads into the small intestine. There the 
zymogens are converted to active en
zymes, and digestion takes place. 

There are two kinds of endocrine cell. 
The B cells synthesize insulin, the hor
mone that regulates the uptake of blood 
glucose and its storage as glycogen in 
muscle and fat. Insulin is stored in beta 
granules. Donald F. Steiner of the Uni
versity of Chicago has demonstrated that 
the synthesis of insulin (like the syn
thesis of the protein-digesting enzymes) 
has two steps: first the formation of a 
precursor called proinsulin and then its 
conversion to insulin by an enzyme. The 
site of this conversion and the specific 
enzymes involved are not known. The A 
cells produce the hormone glucagon, a 
protein that controls the degradation of 
glycogen in the liver. Glucagon is stored 
in alpha granules. Both B cells and A 
cells are in the islets of Langerhans, 
spherical aggregates of cells that lie near 
blood capillaries, so that the hormones 
pass eaSily into the blood for transport 
to their sites of action elsewhere in the 
body. 

In the embryo of a mouse or a rat the 
formation of the pancreas begins about 
midway through the gestation period. 
A group of cells in the upper wall of the 
primitive gut begins to bulge upward 
on the ninth day of gestation in the 
mouse, and about 36 hours later in the 
rat. The base of this evagination con
stricts, giving rise to the future pancre
atic duct; the upper part, the pancreatic 
epithelium, expands into the surround
ing mesodermal tissue. (Note the prox
imity of endoderm and mesoderm.) In 
the next three or four days rapid cell di
vision continues and the cells become 
arranged in typical acini and primitive 
islets. During the later stages of gesta
tion cell division tends to be restricted to 
the peripheral regions of the pancreas; 
near the center one can detect the signs 
of advanced differentiation: zymogen 
granules in the acinar cells and alpha 
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EXOCRINE CELLS of the pancreas secrete zymogens, proteins that 

are precursors of digestive enzymes. In this electron micrograph 

made in the laboratory of one of the authors (Wessells) a thin sec· 

tion of exocrine cells from the adult mouse pancreas is enlarged 

ENDOCRINE CELLS of the pancreas secrete the hormones glu· 

cagon and insulin. In this electron micrograph several adult mouse 

B cells, which secrete insulin, are enlarged 17,000 diameters. The 

14,000 diameters. The extensive endoplasmic reticulum, a folded 

membrane studded with ribosomes (small black dots), is the site of 

protein synthesis. Zymogens are stored in zymogen granules (sphe· 

roided vesicles at bottom) until they are secreted into the intestine. 

light spheroidal vesicles present in large numbers are beta gran· 

ules and the dense material in many of the granules is thought 

to be insulin or proinsulin, the precursor protein of the hormone. 
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and beta granules in the endocrine cells. 
As birth approaches, cell division stops 
in the peripheral acini and they too 
differentiate. 

To establish the course of differentia
tion at the molecular level one can moni
tor the specific functional attributes of 
the various cell types. For the exocrine 
cells the digestive enzymes produced in 
the largest quantities are the best in
dexes of differentiation; for the endo
crine cells insulin and glucagon serve the 
same purpose. The problem is to mea
sure these proteins specifically and sensi
tively in the mixture of several hundred 
different proteins that are present in the 
cells. We developed microassays based 
on specific catalytic activity (for the in
dividual digestive enzymes), the ability 
of specific antibodies to recognize single 
species of proteins (for insulin and glu
cagon) and such distinctive physical 
characteristics of the protein molecules 
as their size and their mobility in an elec
tric field. 

a STOMACH 

DUCT 

SMALL INTESTINE 

c 

DUCT 

With these assay procedures we dis
covered that both the exocrine enzymes 
and glucagon and insulin are present at 
concentrations many thousands of times 
higher in functional pancreatic cells than 
in other cells of the adult organism; 
these proteins are indeed cell-specific. 
This finding gave us a considerable ex
perimental advantage, since it meant we 
could attribute the proteins to pancreas 
cells even when we measured them in ex
tracts of several cell types, such as pan
creas plus gut. We set out to determine 
the pattern of accumulation of the spe
cific products and relate it to the de
velopment of acini and islets and the 
secretory granules. 

By measuring the activity of the major 
exocrine enzymes present in extracts 

of tissues we established their develop
mental profiles during gestation [see top 
illustration on page 40]. Two significant 
and rather unexpected features of their 
accumulation patterns became apparent. 

b 

d 

ALPHA CELL 

BETA CELL 

CAPILLARY 

First, the concentration of proteins (ex
pressed as enzyme molecules per cell) 
does not change in a simple way, rising 
from zero to finite high levels in one 
step. Instead there are three discrete 
stages in the developmental process. 
In what we call State I the enzymes are 
present at a relatively low concentra
tion; then the concentration is 1,000 
times or more higher (State II), and final
ly the concentrations of individual en
zymes are adjusted a little with respect 
to one another (State III). Even the low 
State I level was much higher than the 
level in other cell types, and the relative 
proportions of the individual enzymes 
approximate those found in State II, in
dicating that State I is a stage in devel
opment unique to the pancreas rather 
than simply a reflection of lack of devel
opment. 

The second unexpected feature of the 
developmental profiles is that the con
centrations of the exocrine enzymes do 
not change as a coordinated set during 

PANCREAS is a secretory organ that lies hehind the stomach, as 

indicated in the schematic drawing of mouse viscera (a). A cross 

section of a small portion of the pancreas (b) contains cell clusters 

called acini, ranged along a duct system, and distinctive cell groups 

called islets of Langerhans. The acini are composed of exonine 

cells with zymogen granules (e) ; islets contain endocrine cells (d). 
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the transition from State I to State II; 
the pattern of accumulation between 15 
and 19 days differs significantly for the 
various proteins. For example, trypsin 
and carboxypeptidase B lag significantly 
behind the other proteins; lipase B activ
ity is first detected in the rat at 18 days, 
when the other enzymes have already 
reached high levels. The exocrine pro
teins, then, are not all regulated as a 
unit. On the other hand, the relative 
concentrations of certain groups of en
zymes-for instance lipase A and carboxy
peptidase A, trypsin and carboxypepti
dase B-appear to change in concert; 
the curves for the former pair are sim
ilar, for example, and their midway 
points between low and high levels oc
cur at the same time. Perhaps the sim
plest way to explain the developmental 
pattern of these proteins is to assume 
that small sets of them are regulated 
together and that these sets are syn
chronized to rise together over a certain 
period of embryonic development. 

With the aid of the electron micro
scope we correlated these changes in 
protein content with the appearance of 
intracellular structures. During the pe
riod of great amplification of enzyme 
content between State I and State II we 
observed a dramatic formation of the 
rough endoplasmic reticulum, the site 
of enzyme syntheSis, and saw the first 
zymogen granules appear. The experi
ments of George E. Palade and Philip 
Siekevitz and their collaborators at 
Rockefeller University h�d suggested 
that newly synthesized enzymes first ap
pear within the endoplasmic reticulum 
and then proceed to the larger cavities 
of the Golgi apparatus, where they are 
packaged in zymogen granules. In none 
of our experiments have we ever ob
served high levels of specific enzyme for
mation without the development of these 
intracellular organelles; the accelerated 
synthesis of specific proteins appears al
ways to be coupled with the formation 
of new structures involved in their syn
thesis, storage and secretion. 

T uming to the endocrine cells, we first 
established that the insulin content 

of the adult mouse or rat pancreas is re
markably high: more than a billion mole
cules per B cell. (Very low but significant 
levels were found in other adult tissues, 
presumably reflecting the normal dis
semination of the hormone from the pan
creas.) Our findings in the early embryo 
were more unexpected: we were unable 
to detect any insulin before the ninth 
day, although our assay could have de
tected one molecule of insulin in 10 cells. 
Clearly there is little, if any, transfer of 
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DEVELOPMENT of the mouse pancreas hegins when the embryo is in its ninth day of 

gestation (a). The organ forms from the central part of the gut by a process of evagination 

(b): a group of endodermal cells (color) bulge into adjacent mesoderm (black). By the 11th 

day the pancreas forms a pouchlike diverticulum (c). By the 15th day some pancreas cells 

have stopped dividing and begun to synthesize large quantities of specific proteins (d). 
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PATTERN OF ACCUMULATION of the digestive enzymes is an index of exocrine·cell de· 

velopment. Extracts of pancreatic rudiments of various ages were prepared and assayed for 

enzyme content on the basis of specific catalytic activity. The midpoints between low and 

high levels differ for most of the proteins. Clearly they are not regulated as a single group. 

CYTOPLASM of an exocrine cell from a lO.day embryo reflects the cell's differentiation. 

Some ribosomes are organized into endoplasmic reticulum but there are no zymogen gran· 

ules yet, perhaps because there is not enough specific protein to require such structures. 
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insulin from the mother to the embryo 
and the early embryo itself must syn
thesize insignificant quantities. Early 
embryonic development apparently pro
ceeds in the absence of this hormone . 
There must be remarkably stringent reg
ulation of specific protein synthesis in 
embryonic cells. Until a given time in 
development, proteins such as insulin 
simply are not made. 

Late on the ninth day insulin is de
tected in the gut region, where it is pre
sumably present in primitive pancreas 
cells [see top illustration on opposite 
page]. The concentration then increases 
until, during the period of State I, there 
may be as many as a million insulin mol
ecules per B cell. Later, at the time the 
exocrine cells make the transition from 
State I to State II, the insulin content 
of the endocrine cells increases another 
several hundredfold. By applying an 
antigen-antibody assay for glucagon we 
have shown that glucagon too is pres
ent at the earliest stages of pancre
atic development. Electron micrographs 
show that there are secretory granules in 
the endocrine cells at this early stage 
of differentiation. In the exocrine cells, 
on the other hand, zymogen granules 
only appear later, during the large rise in 
specific activity from State I to State II. 
lt seems that the details of the differen
tiation processes in these two cell types 
are differen t. 

These correlated studies of pancreatic 
development suggest a model for the 
differentiation of pancreatic exocrine 
and endocrine cells [see illustration on 
page 42]. The model recognizes several 
distinct stages of development. The pro
todifferentiated state corresponds to the 
State I we described earlier. The differ
entiative state (State II) is found in the 
late embryo, and the modulated levels 
found in the adult characterize State III. 
This implies that there are three regula
tory transitions, each introducing a new 
stage of differentia tion. 

Jt is difficult, if not impossible, to iden-
tify the factors that control these tran

sitions in the intact embryo, because one 
cannot effectively manipulate the cellu
lar environment or the phYSical relations 
among cells. The cultivation of cells or 
tissues in laboratory vessels seemed to 
offer a way to obtain further information 
about the differentiative process, par
ticularly the nature of the regulatory 
events. We found that a pancreas iso
lated from a lO-day or ll-day mouse 
embryo would develop normally in cul
ture, and that both the pattern of in
crease in enzyme levels and the appear
ance of zymogen granules closely mimic 

© 1969 SCIENTIFIC AMERICAN, INC



the developmental sequence in intact 
embryos. This developmental compe
tence in tissue culture opened up attrac
tive experimental vistas. We could in
vestigate relations among different cell 
types and also monitor developmental 
events within cells much more effec
tively. 

First we tested the ability of progres
sively younger pancreatic tissues and 
more primitive gut tissues to develop 
into normal pancreas. We found that 
even the youngest pancreatic rudiment 
differentiates normally, provided that 
both mesodermal and epithelial ele
ments are present. Then we found that 
gut tissue from the eight-day mouse em
bryo, excised 18 hours before the pan
creas would become visible, develops 
into normal pancreatic tissue (plus some 
other tissues) in culture; gut material 
taken from earlier embryos forms liver
like and stomach-like tissues in culture 
but no pancreatic cells. It seems, there
fore, that some Significant develop
mental event must occur on the eighth 
embryonic day that confers pancreatic 
potential on a group of precursor cells. 
This event presumably requires an in
put from some part of the embryonic 
system that is absent in the laboratory 
culture. After this event, however, the 
tissue is somehow "determined," so that 
when it is removed from the embryo, it 
will develop just as it would in the intact 
embryo. 

The Simplest way to test for an inter
action between two tissues in an organ 
is to separate the tissues and see wheth
er each is capable of differentiating nor
mally alone or whether recombination is 
necessary for normal development. 'We 
found we could carry out such an experi
ment with the pancreatic rudiment in 
the protodifferentiated state (the ll-day 
mouse embryo or the 13-day rat em
bryo). At this point the epithelial cells 
exist as a bulbar sh'ucture encased in 
mesoderm. We separated the two tissues 
by first incubating the intact rudiment 
for a short time in a mixture of protein
digesting enzymes and then sh'ipping off 
the mesoderm by drawing the rudiment 
up into a micropipette. We then tested 
for an interaction between the hvo com
ponents with a technique, perfected by 
Clifford Grobstein of the University of 
California at San Diego, in which a thin, 
porous membrane serves as a platform 
to support the individual tissues or as a 
barrier to separate them [see bottom il
lustration on page 43]. We found that 
the epithelium would not develop nor
mally alone but that it did differentiate 
if it was cultured directly across the 
filter from mesoderm. To our surprise, 

:::;-
---' 
w U 
0::: 
w CL 
(fJ 
w 
---' 
:J U 
w 
---' 0 
6 
Z 
Q 
� 0::: I-Z 
w U Z 
0 u 

r 
108 

107 
(fJ <1: 
w 0::: U 106 Z <1: CL 
Z 

1 
105 

104 

� 
-

L 
V 

/ 
V 

--V 
./ 

l 10 I I-:J (!) 
Z / 
r 10-

: LLJh g'!!':.
� 

!Cl�IT-QC
r

S-"'0- ---- --- _ ._ ---_. - ---------- -- --------

10 12 14 16 18 
AGE OF EMBRYO (DAYS) 

20 NEW
BORN 

INSULIN CONCENTRATION in tissue extracts was measured by an antigen-antibody assay 

and is given here in molecules per gut cell and (when the embryo is large enough for dis

section) molecules per pancreas cell. Tbe sensitivity of the assay makes it possible to detect 

insulin at an earlier developmental stage than one can detect any of the exocrine proteins. 

SECRETORY GRANULES appear in endocrine cells as soon as hormones begin to be syn

thesized. There are no granules in the cytoplasm of future endocrine cells when the pancreas 

begins to take shape (top), but in pancreas cells from an early IO-day embryo, when insulin 

is first detected (see illustration at top of page), a number of granules can be seen (bottom). 
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the mesoderm did not have to be from 
the pancreas; we learned that mesoder
mal tissues from salivary gland, kidney, 
stomach, lung or spleen were just as 
effective in promoting epithelial devel
opment. 

Apparently the mesoderm contributed 
some factor that is required for epithelial 
differentiation and that is small enough 
to pass through the filter. To get enough 
material from which to attempt to iso
late the factor, we first prepared a crude 
homogenate of an entire embryo, which 
turned out to contain enough of the 
mesodermal factor to promote pancre
atic differentiation. We were able to re
move most of the active material from 
the homogenate by low-speed centrifu
gation, indicating that the factor was 
part of (or was bound to) some rather 
large particulate structure. A number of 
experiments suggest that it is a protein, 
or at least that a protein is involved in 
the activity. The active material has now 
been solubilized and partially purified. 

Is the mesodermal factor required at 
all times during development of the 

pancreas or just at a certain time? We 
have noted an epithelial requirement for 
the presence of mesoderm as early as the 
ninth day, when a restricted region of 
the gut responds to mesodermal tissue 
by forming pancreatic acini. Nearby 
epithelium, treated Similarly, forms oth-
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er gut derivatives such as stomach or 
intestine but does not form pancreatic 
tissue. Several hours before the pancreas 
can be seen, then, a discrete group of 
gut cells has the capacity to form the 
organ, provided that mesodermal tissue 
is present. Presumably this ability re
flects the determination event that oc
CUlTed some eight hours earlier. Similar 
experiments with older pancreatic epi
thelium indicate that the mesodelmal 
requirement ceases just before the ac
celerated synthesis of the specific pro
teins; the mesoderm can be removed 
from the epithelium late in the protodif
ferentiated state without any effect on 
subsequent development. In summary, 
the mesodermal factor must be present 
from a time before the pancreas can be 
seen until about five days later, when 
cell division ceases and enzymes begin 
to accumulate at high levels. 

How does the mesodermal factor act? 
It could promote growth, cause the for
mation of acini or actually cause differ
entiation in the epithelial cells. Recent 
results suggest that a major action of the 
mesodermal factor is to stimulate DNA 
synthesis and thus the proliferation of 
epithelial cells. (As we shall see, such 
DNA synthesis may be required for 
differentiation to occur.) The eventual 
availability of pure preparations of the 
factor may give us clear answers to these 
questions. 

SECONDARY 
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POSSIBLE REGULATORY PHASES in cell differentiation are indicated by this schematic 

curve. The three stages of differentiation correspond to the numbered states associated with 

the exocrine enzyme levels. Each of them is introduced by a regulatory transition phase. 
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Our efforts to describe and analyze 
some of the changes that take place at 
the cellular and molecular level dur
ing development have been focused on 
the secondary transition leading to the 
differentiated state. First we sought to 
trace changes in the pattern of protein 
synthesis during the transition. (What 
we had measured in intact embryos was 
enzyme content, not the rate at which 
enzymes were being synthesized.) We 
incubated 14-day and 19-day pancreatic 
rudiments in a medium containing radio
actively labeled amino acids-the build
ing blocks of proteins-and then sorted 
out the resulting radioactively labeled 
proteins by electrophoresis in polyacryl
amide gel. In this technique specific pro
teins are identified by the rate at which 
they move through the gel in the pres
ence of an electric field, and the amount 
of radioactivity at each point shows how 
much of each protein has been synthe
sized. 

There was a remarkable difference 
between the two patterns of protein syn
thesis [see illustration on page 44]. Sim
ilar experiments with rudiments at vari
ous stages of the secondary transition 
confirmed that there is about a fiftyfold 
increase in the rate of synthesis of the 
enzymes during the transition. This in
crease in rate accounts quantitatively for 
Jhe increase in enzyme content between 
State I and State II noted in the earlier 
assays. There must therefore be little, 
if any, secretion of these proteins by 
exocrine cells during this period of de
velopment; the proteins that are syn
thesized simply accumulate within the 
cells. 

Protein synthesis depends on the ac
tivity of a number of species of RNA. 
We decided to see if the increase in 
specific enzyme synthesis in pancreas 
depends on the synthesis of new RNA. 
For these studies we employed actino
mycin D, a compound that is bound to 
the DNA template and thus blocks RNA 
synthesis. Very low levels of actinomycin 
applied to dividing cells in the proto
differentiated state inhibited only part 
(about 70 percent) of the RNA synthesis 
in those cells but completely prevented 
the accelerated synthesis of the differen
tiative proteins. This was a specific ef
fect, since the cells remained healthy 
and continued to synthesize cellular (as 
opposed to secretory) proteins at nearly 
the normal rate. If the tissue was treated 
with actinomycin at a later time, when 
the central group of cells in the culture 
had stopped dividing, those cells dif
ferentiated more or less normally and 
accumulated zymogen granules; cells 
located on the periphery of the same 
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PANCREATIC TISSUE 
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PANCREATIC TISSUE is grown in the laboratory. Nine-day gut 

tissue is excised (left) and placed in a culture dish (middle). The 

PANCREAS DEVELOPS in culture. After three days in culture 

the pancreas bulges upward (left). After another four days it has 

FILTER ENDODERM 

TRANSFILTER CULTURE tests for mesoderm-endoderm interac

tion. When pancreatic epithelium (endoderm) is cultured alone 

(top left), the cells fail to differentiate in five days (bottom left). 

When epithelium and mesoderm (color) are separated by a thin 

FILTER 

tissue, mesoderm (color) as well as endoderm (black), is suspend

ed under a plastic support and incubated in nutrient (right). 

grown, acini have formed and the acinar tissue has been darkened 

by zymogen granules (right). The enlargement is 50 diameters. 
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filter and cultured together, there
'
is substantial growth in five days, 

acini are visible and zymogen granules darken the cells (center). 

Epithelium that is cultured without mesoderm, but with an embryo 

extract included in the nutrient medium, does equally well (right). 
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rudiments were still dividing and they 
(like all cells treated in the protodifferen
tiated state) never made the secondary 
transition. If cultures were treated still 
later, when most of the cells had ceased 
to divide, there was no significant effect 
of actinomycin on the synthesis or ac
cumulation of the specific proteins. In 
collaboration with Fred H. Wilt of the 
University of California at Berkeley we 
showed that actinomycin has the same 
inhibitory effect on RNA synthesis in 
early pancreatic epithelial cells as it does 
in older cells. The results were therefore 
not due to a difference in the suscepti
bility of the two populations of cells to 
actinomycin but to the fact that the syn
thesis of new RNA is required for the 
accelerated synthesis of the pancreatic 
proteins. 

One further experiment with actino
mycin is of special significance in rela
tion to our earlier observations about 
different enzymes being regulated to
gether in groups. When actinomycin D 

36,000 

is added to cultures early in the. sec
ondary transition, the syntheSis of the 
various specific proteins is inhibited to 
different degrees. This sequential in
hibition suggests that the "messenger" 
RNA's that encode the various proteins 
are synthesized at slightly different 
times, supporting our earlier contention 
that the exocrine proteins are not all 
regulated as a single set. 

Inhibition of DNA synthesis also 
blocks exocrine cell differentiation. A 
culture treated with fluorodeoxyuridine 
(a strong inhibitor of DNA synthesis and 
hence of cell division) during the proto
differentiated state does not differen
tiate, although it appears otherwise 
healthy; cells treated after they have 
ceased to divide, however, develop nor
mally. Similar results are obtained with 
bromodeoxyuridine, a structural ana
logue of thymidine, one of the four nu
cleosides of DNA. Bromodeoxyuridine 
is actually incorporated into the DNA 
during the synthesis period; by forming 
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PROTEIN SYNTHESIS in 14-day and 19-day rat pancreatic tissue is compared. The tissues 

were incubated with a radioactive amino acid, which was incorporated in the proteins being 

synthesized. When the proteins were subjected to electrophoresis in a gel, they migrated to 

different points in the gel. The gel was cut into sections and the amount of radioactivity 

in each section was measured. In the 19-day tissue three new peaks corresponding to specific 

exocrine proteins are identified. An expanded scale is used (inset) to visualize the ribonu

clease peak. If 14-day rudiments are cultured for five days, they exhibit a synthetic pattern 

like that of the 19-day pancreas, unless an inhibiting agent such as actinomycin D or bro

modeoxyuridine (see text) is in the medium during the early part of the culture period_ 
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a faulty DNA that does not allow the 
syntheSis of functional RNA, bromo
deoxyuridine blocks the differentiative 
process. In contrast to the action of ac
tinomycin D (which has a sequential in
hibitory effect on the synthesis of certain 
proteins), bromodeoxyuridine exhibits 
an "all or none" effect, depending on just 
when it is administered: differentiation 
is either blocked completely or is un
affected. These experiments suggest that 
some event that occurs only in dividing 
cells or is facilitated by DNA syntheSis 
must precede the subsequent changes in 
RNA syntheSiS that bring about the new 
pattern of protein syntheSis. 

Our present studies have provided 
some insight into the basic mecha

nisms underlying the formation of or
gans. They demonstrate the importance 
of cell interaction in the developmental 
process. Specifically, after the determi
nation event, a mesodermal-epithelial in
teraction is required to maintain the pro
todifferentiated state and initiate the 
secondary transition. It may be that in
teractions between the exocrine and en
docrine cells are also involved in the 
developmental process. 

Perhaps the most striking thing about 
the molecular events within maturing 
pancreatic cells is the fact that many 
complex regulatory events are apparent
ly coordinated at a few distinct times. 
This is most obvious in the exocrine cells. 
There some early initiating event in a 
population of cells starts the syntheSis of 
speCific proteins and the morphogenesis 
of the pancreas. The ensuing protodif
ferentiated state is primarily a phase 
of growth and acinus formation. Then 
there is a transition to the differentiated 
state, when cells stop dividing and un
dergo intracellular differentiation, which 
is marked by the accelerated syntheSiS 
and the accumulation of specific proteins 
in zymogen granules. 

The two major developmental phases 
must involve hundreds of genes. We 
believe sets of genes are activated and 
other sets are inactivated simultaneous
ly, rather than each of the hundreds of 
individual genes' being activated in se
quence. One possible mechanism to ac
complish such a concerted transition is 
an alteration of chromosomal structure 
so that some sets of genes are chemically 
unmasked, and thus activated, while 
others are chemically sequestered and 
thus repressed. These experiments have 
not yielded a precise description of the 
molecular mechanisms involved, but they 
have simplified our view of the problem 
and suggested a hypotheSis that will be 
the basis for continuing explorations. 
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In hope of doing each other some good 

The never darkened classroom 
The "knowledge" industry is reported 
to have replaced defense as the major 
growth industry. It demands less com
plicated engineering. With engineering 
attracting youth a bit less of late, the 
resulting engineer shortage may pinch 
less than had been feared. 

In this cheerful mood, it is pleasant 
to report that audiovisual dealers can 
now fill orders for KODAK EKT ALITE 
Projection Screens, a significant con
tribution by our engineers to education
al technology. Since the suggested list 

Salt-rejecting membranes 
Osmosis isn't as simple as the 
ninth-grade teacher claimed. 
No explanation is currently 
available as to why these un
natural membranes-which are 
cellulose acetate and quite 
non-ionic in character-are as 
good as they are at rejecting 
salt. No explanation is available, but 
the membranes themselves are avail
able in three types, along with a fourth 
that rejects no salt but does reject sol
utes of molecular weight above 300. 

We start with a package deal for $25. 
The package contains three 8 x lO-inch 
sheets of each of the four types. 

One of the types, when fed 0.5 % 
NaCI solution at 600 psi and 78F, re
jects about 97 % of the salt in passing 
about 20 gal/day /ft2. The second type 
rejects 89% from 34 gal/day /ft2. Both 
of these types come wet in our package, 
each type separately sealed in poly
ethylene. We mark the active side-the 

Observant, quick, clever, obedient 

You can get a new KODAK INST AMA TIC® 
Reflex Camera body for less than $158." 

price of these 40 x 40-inch screens is 
only $65, they can't be terribly compli
cated. Nevertheless, their directionality 
into a space 30 degrees high by 60 de
grees wide yields for the same projec
tion six to eight times the brightness of 
any other screen we know where to 
buy, or about 16 times the brightness 
of a matte screen. Ambient light com
ing from outside the viewing space is 
reflected outside that space. It cannot 
dilute the color of the image nor kill its 
contrast. That's the main point. 

So without the fuss and perils of go-

side bearing the mysterious one-mi
cron-thick layer that must face the feed 
stock. If you let them dry, give up hope 
that rewetting will restore them. 

NaCI seems to represent the tough 
case. When working with something 
easier and you want more flux, the 
third type comes untempered to let you 
set the parameter yourself. 

Yours in any case is the problem of 
providing a support for the membrane 
to withstand operating pressures of 600 
to 1500 psi and still permit flow of 
product water to your collecting sys
tem. Don't let pH exceed 8.0. 

If your experiments should prove en-

Less than $158! Incorporates interest
ing exposure control system to which 
you may not have been exposed. 
Leaves it to you to select aperture. You 
may wish to do so on depth-of-field 
basis. Since this is a single-lens reflex, 
preview on field-lens-brightened ground 
glass can guide you. 

When picture is wanted, press but
ton to open shutter. Will close by it
self when enough light has hit film. 
Bases its decision on film speed infor
mation conveyed by notch on 126 
"drop-in" cartridge. Principle: capaci
tor fed through photoresistive cell at
tains limiting charge. This may take 
1/217 sec or 9.1 sec, or any other ex
posure time >.002 sec and <20 sec, 
depending on light when picture is 
actually being taken. If, however, it 

-Less than $200 with 4Smm //2.8 Xenar Lens. Needn't get lens if you already have one from a RETINA It.. 
Reflex Camera. Or if KODAK INSTAMATIC Reflex Microscope Adapter wanted instead of lens. For less ,.. 
closeup than microscopy, other accessories available. 

EASTMAN KODAK COMPANY An eQuol-oppor'unity employer 
Prices subject to change without notice. 

ing dark, the teacher moves 
frequently and easily in and out of 
the picture mode of communication, 
with inexpensive, low-powered equip
ment. Today, of course, kids are totally 
immersed in an endless stream of mis
cellaneous images, but the right image 
at the right moment is still most de
sirable. 

Another reason for calling the KODAK 
EKTALITE Projection Screen significant 
is that classrooms which neect

' 
never be 

darkened cost less. There needn't be 
any better reason. 

couraging, base no economic 
feasibility studies on what you 
paid for the sample package. 
Most of the 30 or so com
panies believed currently busy 
developing equi pment for 
what is being called "reverse 
osmosis" seem to be glad we 

are going to offer the membrane. Now 
they can concentrate their own efforts 
on equipment to put it in. Thus will go 
forward the great endeavor to squeeze 
good water out of bad water, brackish 
water, sea water, radioactivity-contam
inated water, or water carrying other 
things in solution. And some will care 
more about the solutes being concen
trated than about the purity of what 
comes out. 

Enter purchase order to Eastman Chem
ical Products, Inc. (Subsidiary of Eastman 
Kodak Company), Kingsport, Tenn. 37662 
for "Sample Kit of EASTMAN Membrane." 
Bibliography will be shipped with order. 
Good luck! 

appears in advance that exposure will 
be longer than 1/30 sec, signal in view
finder warns master to open lens more 
or rest camera on firm support. 

This is a clever camera. Even has 
button to check battery condition. 
Camera shop will be pleased to point 
out other noteworthy features. Do not 
expect salesman to remind you that 
photography can also be done with a 
pinhole and home-made emulsion 
hand-coated on window glass. 
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In High Temperature, 
High Corrosion Resistant lllOY 

Ind Stainless Steel Tubing 

� TMI tubing is the bravest in the 

�UIE mini-quarter world of space ex-
"ITHO· ploration. Its record of perform

ance in 1968 rides in the most adventur
ous vehicles, tested and proven. TMI 

tubing flies a triple-courageous banner 
• . . with high strength retention, extreme 

corrosion resistance and high tempera
ture ecology advantages. If your product 
plans call for stainless and/or special 
alloys cold drawn into finest quality 
small diameter tubing: contact TMI with
out delay. Our mark of quality could im
prove both your product and your profit. 

MiIIi·sized: 
2 Millimeters to 30 Millimeters 0.0. and drawn to dimen· 
sional accuracies as close as ± 10 Microns when such 
high degrees of quality are in your favor. 

··r--J.. TMI=-, 
�1iJbing 

Phone 215-279-7700, Telex TWX 510-

660-0140 for immediate action. Tube 

Methods Inc., Engineers, Metallurgists, 

Manufacturing Specialists Since 1941-

Bridgeport, Pennsylvania 19405. 
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Visible Pulsar 

K
ter more than a year of fruitless 

searching at many observatories a 
pulsar has finally been associated 

with an optically visible object by as
tronomers at the University of Arizona. 
First recognized in the fall of 1967, 
pulsars emit bursts of radio energy at 
precisely spaced intervals, ranging from 
a pulse every 3.7 seconds for the slowest 
to about 30 pulses a second for the fast
est. It is the fastest, NP 0532, that has 
now been detected by optical telescopes. 
Like the radio pulse, the optical pulse 
Hashes rhythmically 30 times a second. 
The optical identification was made by 
w. John Cocke, Michael J. Disney and 
Donald J. Taylor, with the aid of a com
puter linked to the 36-inch reHector at 
the Steward Observatory. 

NP 0532, discovered four months 
ago, is of particular interest because it 
lies in the Crab nebula, the remnant of 
a supernova observed in A.D. 1054. The 
radio Hashes were found to originate 
near a double star in the center of the 
nebula. The "south preceding" star of 
the pair had been identified in 1942 as 
the probable "cinder" left by the super
nova because its spectrum was peculiar: 
it lacked emission lines. The spectrum 
of the "north following" star showed 
lines characteristic of a normal star. 

In making their optical identification 
the Arizona workers could not be sure 
which of the two stars the light Hashes 
were coming from. Because their tele
scope was fairly small they had to use a 
diaphragm whose field was so wide that 
it included both objects. A subsequent 
series of observations made with the 

SCIENCE AND 
more powerful two-meter reHector at the 
Kitt Peak National Observatory by C. 
Roger Lynds, Stephen P. Maran and 
Donald E. Trumbo established that the 
Hashes were indeed coming from the 
south-preceding star. Soon afterward 
workers at the Lick Observatory snapped 
NP 0532's picture (see illustration on 
page 49). 

The optical Hashes closely mimic the 
radio Hashes. In each cycle there is a 
major pulse followed about 14 millisec
onds later by a minor pulse. Moreover, 
nearly all the light emitted by the pulsar 
seems to be confined to the Hashes; if 
there is a steady-state component, it does 
not account for more than 6 percent of 
the total light emission. This strongly 
suggests that the source resembles a ro
tating beacon, perhaps a spinning neu
tron star, as has been suggested by 
Thomas Gold of Cornell University. A 
neutron star would be only five or 10 
miles in diameter but would have as 
much mass as the sun. Under these con
ditions electrons and protons would be 
packed together so tightly that they 
would form neutrons. The cinder left by 
a supernova explOSion might well resem
ble such an object . 

First Synthesis 

The first laboratory synthesis of an 
enzyme has been achieved. The en

zyme is ribonuclease, which cleaves ri
bonucleic acid (RNA). Its synthesis was 
accomplished independently and by dif
ferent methods but at about the same 
time by two groups, one at Rockefeller 
University and the other at the Merck 
Sharp & Dohme Research Laboratories. 
The results have been published in the 
Journal of the American Chemical So
ciety. 

The task in synthesizing a protein 
such as an enzyme is to form one or more 
linear arrays of amino acid subunits and 
then cause the chains to be folded and 
cross-linked into the proper three-dimen
sional configuration. Fortunately it turns 
out that if the amino acids constituting a 
protein chain are put together in the 
right order and placed in solution under 
favorable conditions, the chains will fold 
and cross-link by themselves. The first 
protein to be synthesized in this way (by 
groups in the U.S., Germany and China 
in the early 1960's) was the hormone ill-
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THE CITIZEN 
sulin, with 51 amino acids. The question 
was then whether more complex pro
teins, notably the enzymes, could also 
be made in the laboratory. 

Ribonuclease was a good candidate 
for synthesis because its complete 124-
amino-acid sequence and cross-linking 
pattern had been established in 1960. 
At Rockefeller University, R. B. Merri
field and Bernd Cutte undertook to syn
thesize it by the automatic "solid phase" 
method, which had been developed by 
Merrifield and by which he had already 
synthesized insulin (see "The Automatic 
Synthesis of Proteins," by R. B. Merri
field; SCIENTIFIC AMERICAN, March, 
1968). Tiny polystyrene beads served as 
anchors for the growing ribonuclease 
chains. The first amino acid was bound 
to the beads. Then each of the 123 other 
subunits was in turn protected against 
unwanted side reactions, bonded to the 
chains and deprotected in preparation 
for the next step. The entire operation 
was achieved automatically in a single 
vessel; the amino acids and the other 
reagents and solvents were admitted to 
the vessel as required and then with
drawn through a filter that retained the 
beads with their growing chains. Finally 
the completed chains were removed 
from the beads, purified and caused to 
fold into the proper configuration. The 
369 reactions, requiring 11,931 steps, 
were accomplished in three weeks of 
continuous operation-something that 
might have taken several years by tradi
tional methods of chemical synthesis. 

At Merck Sharp & Dohme a team 
headed by Robert C. Denkewalter and 
Ralph F. Hirschmann capitalized on the 
fact that natural ribonuclease can be 
cleaved into two segments, the 104-
amino-acid S-protein and the 20-amino
acid S-peptide, that can fold together, 
without actually bonding covalently, to 
form an enzymatically active protein. 
The Merck group first prepared a num
ber of S-protein fragments: small chains 
of from six to 17 amino acids. They 
solved the difficult protection and depro
tection problem by developing the car
boxyanhydride method, in which the 
protecting group is easily removed sim
ply by changing the pH of the solution. 
Then they combined the fragments to 
form the complete S-protein, which was 
allowed to combine with natural S-pep
tide to produce the enzyme. Both teams' 
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products showed the proper enzymatic 
activity, cleaving RNA but having no 
effect on closely related DNA, and 
passed other tests indicating that the 
active enzyme has indeed been synthe
sized. 

Pollution by Fertilizer 

Man's injection of excess nitrogen into 
the biosphere not only is seriously 

polluting rivers and lakes but also has 
greatly increased the frequency of a rare 
form of poisoning among both humans 
and domestic animals. Reporting at a 
symposium on pollution during the an
nual meeting of the American Associa
tion for the Advancement of Science, 
Barry Commoner of Washington Univer
sity noted these results of the rise in ni
trogen production in the U.S. during the 
past 25 years. Nitrogen from sewage, a 
reflection of the nation's population 
growth, has increased no more than 70 
percent in that time, but the oxides of 
nitrogen produced by power plant fumes 
and automobile exhaust have increased 
by 300 percent and the use of nitrogen 
fertilizers by 1,400 percent. The last two 
processes add some 10 million tOilS of 
nitrogen compounds to the environment 
each year, more nitrogen than is cycled 
annually within the U.S. by all the proc
esses of nature combined. 

The excess quickly appears in the 
form of nitrate in ground water, entering 
rivers and lakes to nourish algal "blooms" 
that reduce the oxygen content of the 
water to the point where processes of 
self-purification are halted. A measure 
of the quantities involved is provided in _ 
a recent Federal Water Pollution Com
mission study of Lake Erie, which esti
mates that municipal sewage annually 
contributes 90 million pounds of nitro
gen and fertilizer runoff from surround
ing farmlands 75 million pounds of ni
trogen to the lake yearly. 

Concentration of nitrate in ground 
water also affects wells and other potable 
water supplies. The maximum public 
health limit on nitrate concentration in 
drinking water is 10 parts per million. 
Already the water in a quarter of the 
shallow wells in Illinois exceeds this lim
it, as do many wells in southern Califor
nia. Excess nitrate concentration in the 
water of one Minnesota town has forced 
complete replacement of the water sys
tem. 

The danger to health from nitrate-pol
luted water arises not from the nitrate, 
which is relatively innocuous, but from 
the fact that certain intestinal bacteria 
convert nitrate (NO�) into nitrite (NOJ. 
Nitrite combines with hemoglobin and 
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destroys its oxygen-transporting proper
ties. Commoner notes that polluted wa
ter is not the only source of danger. Poi
soning from an overabundance of nitrate 
in foodstuffs has been reported in Eu
rope; children under the age of three 
months are particularly vulnerable. One 
French pediatrician has set the maxi
mum permissible concentration of ni
trate in foodstuffs at 300 parts per mil
lion. A recent study of commercial baby 
foods, Commoner points out, found 444 
parts of nitrate per million in wax beans, 
977 in beets and 1,373 in spinach. 

Noting that it is at least theoretically 
possible to halt nitrate pollution from 
municipal and industrial wastes, Com
moner cites the painful dilemma present
ed by fertilizers: high agricultural yields 
and thus the whole of the farm economy 
depend on fertilizers, yet it is physically 
impossible to prevent the escape of ni
trates from field to water table. To im
pose limitations on the use of fertilizers 
would be to reduce food supplies at a 
time of mounting worldwide needs, as 
well as to engender fierce opposition 
from farmers and the chemical industry. 
To fail to do so exposes the environment 
to steady degradation. "Science can re
veal the depths of this crisis," Commoner 
concludes, "but only social action can 
resolve it." 

One Oceanography 

The U.�. Government's many o
.
ceano-

- graphIc programs are now bemg su
pervised by a single unit: the Marine 
Sciences Council. The need for such a 
coordinator of Federal activities in the 
fields of oceanography, marine biology 
and related studies was recognized in 
1966, when Congress established the 
council under the Marine Sciences Act. 
Until that time six departments and four 
independent agencies had engaged in 
oceanographic research with little regard 
to one another's activities. The council, 
in a recent report to the White House, 
presents a unified picture of Government 
activities budgeted at $471 million in 
1968-1969 and projected at $528 mil
lion in 1969-1970. 

The greatest single projected expendi
ture, some $300 million, is allocated 
to the Department of Defense. Roughly 
half of the amount is for military proj
ects; the remainder is to be spent for re
search, charting and geodesy. Oceano
graphic studies by other departments 
and agencies will cost an additional $150 
million; $40 million is earmarked for 
fisheries research. Some studies have al
ready produced applications. Surveys of 
the outer continental shelf have been 

followed by the leasing of mineral rights 
by the Department of the Interior; three 
such leases paid the Government $1.7 
billion in 1967-1968. 

An example of coordinated effort is 
the progress toward developing a pro
tein-rich food additive from fish meal. 
The Bureau of Commercial Fisheries, a 
part of the Department of the Interior, 
has pioneered production of an odorless, 
tasteless substance that, in 10-gram 
units, provides a child's daily require
ment of animal protein at a cost of less 
than a cent. Approval of the fish protein 
concentrate for human consumption was 
the work of the Food and Drug Admin
istration, a part of the Department of 
Health, Education, and Welfare. The 
purchase and distribution of nearly $1 
million worth of the additive for tests of 
its acceptability in North Africa, Asia 
and South America is being handled by 
the illdependent Agency for Internation
al Development. 

Two Xis from Brookhaven 

From 700,000 photographs of nuclear 
events produced by the country's 

largest accelerator (at the Brookhaven 
National Laboratory) over a three-year 
period, an international team of 11 phys
icists winnowed out 150 photographs ill 
which they were able to identify two 
new subatomic particles and to confirm 
the existence of a third. The three parti
cles are all members of the xi class, of 
which three members of lower mass had 
been known. The existence of the new 
particles had been predicted by the 
SU(3) theory of elementary particles
more commonly called the eightfold way 
-proposed independently in 1961 by 
Murray Gell-Mann of the California In
stitute of Technology and Yuval Ne'
eman of Israel. In their theory particles 
that have certain properties in common 
(spin and parity) can be classified as 
members of a "supermultiplet," or super
family (see "Strongly Interacting Parti
cles," by Geoffrey F. Chew, Murray 
Gell-Mann and Arthur H. Rosenfeld; 
SCIENTIFIC AMERICAN, February, 1964). 

The SU(3) theory applies to the 
strongly interacting particles, the bary
ons and the mesons, which respond to 
the strong, or nuclear, force. More than 
100 of these particles are now known. 
The baryons can all be aSSigned to six 
classes: the N, or nucleon, class and the 
classes designated lambda, sigma, delta, 
xi and omega. Each class consists of one 
to four "ground state" members and 
"resonances" of higher mass. The classes 
differ in certain quantum properties. Ac
cording to the SU(3) theory a typical su-
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FIRST PICTURES OF A PULSAR were made at Lick Observatory 

with the aid of a sensitive television system operated like a 

stroboscope in conjunction with the observatory's 120-inch tele

scope. In the top picture the pulsar is invisible; in the bottom 

picture it has flashed on. The pulsar is NP 0532, the "south pre

ceding" star of a pair near the center of the Crab nebula. That 

one of the pair emitted flashes of visible light about 30 times a 

second was established at the University of Arizona (see "Visible 

Pulsar," page 46). At Lick the light from NP 0532 was interrupted 

by a rotating disk perforated with six evenly spaced holes. When 

the disk was spun at about five revolutions per second, not quite in 

synchrony with the pulsar, the light flashes from the object would 

pass through the holes for several revolutions, then fall out of step 

and be obscured for several revolutions. When viewed on a televi, 

sion screen, NP 0532 appeared to be pulsing in slow motion. The 

system was devised by E. Joseph Wampler and Joseph S. Miller. 
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AMATEUR 

TELESCOPE 

MAI(ING 
Edited by Albert G. Ingalls 

This set of books is the au
thoritative reference library 
of the enthralling hobby of 
amateur telescope making. 
Through these books thou
sands have discovered a fas
cina ting mechanical art com
bined with a great science. 

Book One 
I t begins at the beginning, 
teaches the basics of glass 
grinding and how to com
plete the first telescope. 
(497 pages, 300 illustra
tions.) Postpaid: $5.00 do
mestic, $5.35 foreign. 

Book Two 
This book leads on into ad
vanced methods of amateur 
optical work and describes 
new projects for the tele
scope maker. (650 pages, 
361 illustrations.) Postpaid : 
$6.00 domestic, $6.35 for
eign. 

Book Three 
Book Three opens up fur
ther fields of enterprise; 
e. g., binoculars, camera 
l e n s e s, s p ect r o g r a p hs, 
Schmidt optics, eyepiece de
sign, ray tracing (made 
easy). (644 pages, 320 illus
trations.) Postpaid: $7.00 
domestic, $7.35 foreign. 

Send postcard 
for descriptive circular 

SCIENTIFIC 
AMERI CAN 

415 Madison Avenue, New York, N.Y. 10017 

(Restdents of New York CUll please add 5% sales tax) 

(Other NY S residents please add 2% state sales 
taL plus local tax) 
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perfamily of eight members consists of 
two N particles, one lambda particle, 
three sigma particles and two xi parti
cles. Other superfamilies have 10 mem
bers: four deltas, three sigmas, two xis 
and one omega. Thus xis are needed to 
complete both kinds of superfamily. Un
til recently, however, xis were not being 
found fast enough to keep up with the 
rate of discovery of other baryons such 
as N particles and deltas, which are fair
ly easy to "manufacture." 

Before the present Brookhaven study, 
which was reported in a recent issue of 
Physical Review Letters, only three 
members of the xi class had been posi
tively identified: the ground-state mem
ber with a mass of 1,320 million elec
tron volts (MeV), one resonance with a 
mass of 1,530 MeV and a second with a 
mass of 1,930 MeV. There was also evi
dence for a third xi resonance with a 
mass of about 1,830 MeV. The Brook
haven experiment confirmed the exis
tence of the 1,830-MeV xi particle and 
found two heavier xi resonances: one of 
2,030 MeV and another of 2,430 MeV. 

Crystalline RNA 

An international effort to produce good 
single crystals of ribonucleic acid 

(RNA) molecules has met with success 
almost simultaneously in several labor a
tories. The way is now open to apply to 
molecules of nucleic acid the methods of 
X-ray crystallography that have unrav
eled the three-dimensional structures of 
protein molecules. The RNA molecules 
that have been crystallized belong to the 
family of "transfer" RNA's (tRNA's) that 
play a central role in the synthesis of 
protein. The tRNA's select specific ami
no acids from the pool of 20 varieties 
required to make proteins and deliver 
thEm to a specific site on threadlike mol
ecules of "messenger" RNA, which, rath
er like a punched tape, carry the coded 
instructions for creating a particular pro
tein molecule. Molecular biologists are 
curious to know the precise structure of 
tRNA that enables it to bind itself on the 
one hand to an amino acid and on the 
other to a particular site on the messen
ger RNA. 

Within the living cell there are 40 to 
60 slightly different kinds of tRNA, at 
least one for each of the 20 amino acids. 
Each tRNA consists of some 75 nucleo
tide units in a chain that seems to be 
folded in a cloverleaf pattern (see "The 
Nucleotide Sequence of a Nucleic Acid," 
by Robert W. Holley; SCIENTIFIC AMER
ICAN, February, 1966). Success in pro
ducing microcrystals of a purified tRNA 
was reported in Nature last September 

by a seven-man group headed by Brian 
F. C. Clark in the Medical Research 
Council's Laboratory of Molecular Bi
ology at the University of Cambridge. 

Now tRNA crystals up to two milli
meters long, suitable for X-ray study, are 
reported by two laboratories in a recent 
issue of Science. One account is by Sung
Hou Kim and Alexander Rich of the 
Massachusetts Institute of Technology. 
The other is by a seven-man group at the 
University of Wisconsin headed by Ar
nold Hampel. The M.I.T. workers grew 
their crystals in a two-phase system of 
chloroform and water, from which chlo
roform was slowly removed in a desicca
tor held at four degrees Celsius for a 
period of two weeks. The resulting crys
tals contain 87.5 percent water. In the 
Wisconsin method crystals are produced 
from an ethanol-water solution held at 
eight to 10 degrees C. Crystals contain
ing only 58 percent water formed within 
three days to two weeks. Because of their 
lower water content crystals produced 
by the second method are easier to 
handle and are more suitable for X-ray 
analysis. 

Slow Aging 

Experiments with substances that scav-
enge free radicals in the body have 

significantly increased the normal life
span of mice, according to Denham 
Harman of the University of Nebraska. 
Writing in the Journal of Gerontology, 
Harman describes work designed to test 
the hypothesis that free radicals, which 
are highly reactive molecular fragments, 
play a role in aging by randomly causing 
the deterioration of cells. The radicals, 
which are highly reactive because they 
have at least one unpaired electron, can 
be produced by normal metabolic proc
esses or by exposure to ionizing radia
tion. 'Whatever the mechanism, a mole
cule such as water (H20) can give rise to 
a free radical such as OH. The radical 
reacts readily with other substances, 
thereby disrupting thEm or changing 
their character. 

On Harman's hypothesis reactions 
with free radicals might, for example, 
change the properties of cell membranes 
or cause the release of lysosomal en
zymes that damage DNA. He believes 
that if such changes do play a role in 
aging, the process might be slowed by 
the addition of nontoxic antioxidants to 
food. In that way one would raise the 
concentration in the body of compounds 
capable of reacting rapidly with free 
radicals so that fewer of them would be 
available for harmful reactions. In his 
experiments with mice Harman has add-
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Some people have no use for That's 9 to 5. After 5, well . . •  

computers. There's a computer inside. A 
For them, DIGITAL has real, live, all integrated-circuit, 
computerpacks - special- 4096-word core memory, 
purpose laboratory systems. For FORTRAN-speaking, full general-
gas chromatography. For signal purpose PDP-8f I. Nearby is the 
averaging. For pulse- height software that runs more than 
analysis. Each computerpack is 3,500 PDP-8 installations around 
complete. With all the hardware, the world. Press a button and 
all the software, all the interfaces presto! There it is. 
- everything needed to get the You can ignore the computer. But 
job done. it'll still be there - just in case. 

DIGITAL EQUIPMENT CORPORATION, 
Maynard. Massachusetts 01754, Telephone: 
(617) 897·5111 • Cambridge, Mass . •  New 
Haven. Washington, D.C . •  Parsippany. 
Palisades Park, N.J . •  Pr"inceton, N.J . •  

Rochester, N.Y . •  Long Island, N.Y . •  

Philadelphia. Pittsburgh. Cleveland 
• Dayton . Huntsville. Cocoa, Fla . •  

Chicago. Denver. Ann Arbor. Salt Lake 
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• Palo Alto. Seattle. INTERNATIONAL, 
Carleton Place and Toronto, Ont. • Montreal, 
Quebec. Edmonton, Alberta, Canada 0' 

Reading and Manchester, England. Paris, 
France. Munich and Cologne, Germany. 
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and West Perth, Austral ia. 
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CER-VIT MIRRORS AND BROAD-BAND COATING -

ANOTHER QUEST AR "FIRST" 
Part of our job in making the world's 

finest and most versatile small telescope 
is continually to be aware of the new 
materials and techniques that can improve 
the performance and convenience of our 
product. Now we are making Questar 
mirrors of Cer-Vit, that fabulous sub
stance which has essentially no thermal 
expansion, surpassing even quartz in its 
stability. 

And to augment the efficiency of a 
Cer-Vit mirror we apply a broad-band 
dielectric coating that increases its reflec
tivity to 99%. Further, to reduce the light 
loss at each surface of the front lens to 
less than 1/10 of 1%, a VLR (very low 
reflection) coating is applied which trans
mits all frequencies of the visible spec
trum. With this combination total light 
grasp is increased by approximately 22%. 
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A Cer-Vit mirror is used in the 7-inch 
Questar, shown above, a new instrument 
of the same superfine quality that has 
given Questar its world-wide reputation. 
Each one that leaves our hands is star
tested and will resolve .5 second of arc. 

At lower left the Duplex 3 \12 -inch 
Questar is shown in its handsome leather 
case -contained in one cubic foot of 
space, a complete portable observatory 
that when needed for terrestrial use alone 
can be quickly converted to the Field 
Model. 

Questar, priced from $795, is described 
in ollr newest booklet which contains 
more than 100 photographs by QuestaI' 
owners. Send $1 for mailing anywhere in 
No. A merica, By air to rest of Western 
Hemisphere, $2.50; Europe and North 

A/rica, $3.00; elsewhere, $3.50. 

BOX 120. NEW HOPE. PENN.1B93B 

ed small amounts of such free-radical 
inhibitors as butylated hydroxy toluene 
(BHT) and 2-mercaptoethylamine to the 
food given the mice. The results of his 
most recent experiments, he reports, in
dicate an increase of 30 to 40 percent in 
the mean longevity of mice receiving .5 
percent BHT in their diet. 

Murder at Thank God Bay 

The bizarre murder of an early Arctic 
explorer by members of his expedi

tion has been documented 97 years la
ter by neutron-activation analysis, a so
phisticated tool of nuclear phYSics used 
in the measurement of trace elements. 
AnalYSis of tissue from the frozen grave 
of Charles Francis Hall on the northwest 
coast of Greenland has revealed large 
quantities of arsenic in the hair and fin
gernails, indicating that his mysterious 
death was caused by poisoning. 

Hall, a somewhat eccentric amateur 
explorer, was leading an expedition fi
nanced by Congress in an effort to have 
an American party reach the North Pole 
before any other group. He set sail from 
Brooklyn in June, 1871, on the former 
Navy ship Polaris, but by the time he 
had reached the Arctic Ocean it was 
blocked with ice and he was forced to 
turn back for the winter. He put in at 
a place he named Thank God Bay, 500 
miles south of the Pole. According to 
records in the Smithsonian Institution, 
his decision was challenged by Sydney 
Budington, the master of the Polaris, and 
Emil Bessels, the head of the scientific 
staff, who wanted to head south to safer 
waters. The three men quarreled bit
terly. Then Hall became violently sick. 
He died in two weeks, saying that he 
had been poisoned. The 30 other mem
bers of the expedition buried him and 
sailed south, and were rescued months 
later. 

Last summer Chauncey Loomis, Jr., of 
Dartmouth College and Franklin Pad
dock, a physician from Lenox, Mass., 
found Hall's grave and removed sam
ples of tissue. At the Toronto Center for 
Forensic Sciences the tissues were sub
jected to neutron-activation analysis, in 
which a sample is bombarded with neu
trons in a nuclear reactor. Atoms in the 
sample become radioactive and each 
species emits a characteristic spectrum 
of radiation. The method is sensitive 
enough to resolve the radiation from as 
little as a trillionth of a gram of an ele
ment. The analysis showed that Hall had 
ingested massive amounts of arsenic 
about two weeks before he died. The re
sults, Paddock said, "point to only one 
conclusion: Hall was poisoned." 
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Could this be 

Catalina? 

Maybe you picture Catalina Island as a lush green 
paradise. It is not. Over 90% of the island is barren and 
dry-a great place for wild goats. 

Yet fresh water, so conspicuously absent, could turn 
Catalina into a rich green oasis almost overnight. And 
it's only 30 miles away, in Los Angeles. 

Is there a practical, low-cost way to bring that Los 
Angeles water to Catalina? 

Now there is. Monsanto has devised a remarkable 

system for producing jointless pipe. This pipe, rein
forced with glass fiber, can be manufactured aboard 
and continuously laid from a moving ship. 

This pipe is seamless-no joints to leak, no weak 
spots to break. No corrosion problems. 

All this in a single process-imagine the uses it can 
be put to. Off-shore oil, natural gas, for instance. 

Lots is happening at Monsanto-where people make 
science practical. 

Monsanto Company; 800 North Lindbergh Blvd.; SI. Louis, Missouri 63166 Monsanto 
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CONTINENTAL DRIFT AND EVOLUTION 

The breakup of ancient supercontinents ,vould have had n1ajor 

effects on the evolution of living organisllls. Does it explain 

the difference in the diverslfication of reptiles and mammals? 

T
he history of life on the earth, as 
it is revealed in the fossil record, 
is characterized by intervals in 

which organisms of one type multiplied 
and diversified with extraordinary exu
berance. One such interval is the age of 
reptiles, which lasted 200 million years 
and gave rise to some 20 reptilian orders, 
or major groups of reptiles. The age of 
reptiles was followed by our own age 
of mammals, which has lasted for 65 
million years and has given rise to some 
30 mammalian orders. 

The difference between the number 
of reptilian orders and the number of 
mammalian ones is intriguing. How is it 
that the mammals diversified into half 
again as many orders as the reptiles in 
a third of the time? The answer may 
lie in the concept of continental drift, 
which has recently attracted so much at
tention from geologists and geophysicists 
[see "The Confirmation of Continental 
Drift," by Patrick M. Hurley; SCIENTIFIC 
AMERICAN, April, 1968]. It now seems 
that for most of the age of reptiles the 
continents were collected in two super
continents, one in the Northern Hemi
sphere and one in the Southern. Early 
in the age of mammals the two supercon
tinents had apparently broken up into 
the continents of today but the present 
connections between some of the conti
nents had not yet formed. Clearly such 
events would have had a profound effect 
on the evolution of living organisms. 

The world of living organisms is a 
world of specialists. Each animal or 
plant has its special ecological role. 
Among the mammals of North America, 
for instance, there are grass-eating prai
rie animals such as the pronghorn ante
lope, browsing woodland animals such 
as the deer, flesh-eating animals special
izing in large game, such as the moun
tain lion, or in small game, such as the 
fox, and so on. Each order of mammals 
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comprises a number of species related 
to one another by common descent, shar
ing the same broad kind of specializa
tion and having a certain physical re
semblance to one another. The order 
Carnivora, for example, consists of a 
number of related forms (weasels, bears, 
dogs, cats, hyenas and so on), most of 
which are flesh-eaters. There are a few 
exceptions (the aardwolf is an insect-eat
ing hyena and the giant panda lives on 
bamboo shoots), but these are recog
nized as late specializations. 

Radiation and Convergence 

In spite of being highly diverse, all 
the orders of mammals have a common 
origin. They arose from a single ances
tral species that lived at some unknown 
time in the Mesozoic era, which is rough
ly synonymous with the age of reptiles. 
The American paleontologist Henry 
Fairfield Osborn named the evolution of 
such a diversified host from a single 
ancestral type "adaptive radiation." By 
adapting to different ways of life-walk
ing, climbing, swimming, flying, plant
eating, flesh-eating and so on-the de
scendant forms come to diverge more 
and more from one another. Adaptive 
radiation is not restricted to mammals; 
in fact we can trace the process within 
every major division of the plant and 
animal kingdoms. 

The opposite phenomenon, in which 
stocks that were originally very different 
gradually come to resemble one another 
through adaptation to the same kind of 
life, is termed convergence. This too 
seems to be quite common among mam
mals. There is a tendency to dupli
cation-indeed multiplication-of orders 
performing the same function. Perhaps 
the most remarkable instance is found 
among the mammals that have special
ized in large-scale predation on termites 

and ants in the Tropics. This ecological 
niche is filled in South America by the 
ant bear Myrmecophaga and its related 
forms, all belonging to the order Eden
tata. In Asia and Africa the same role is 
played by mammals of the order Pholi
dota: the pangolins, or scaly anteaters. 
In Africa a third order has established it
self in this business: the Tubulidentata, 
or aardvarks. Finally, in Australia there 
is the spiny anteater, which is in the or
der Monotremata. Thus we have mem
bers of four different orders living the 
same kind of life. 

One can cite many other examples. 
There are, for instance, several living 
and extinct orders of hoofed herbivores. 
There are two living orders (the Roden
tia, or rodents, and the Lagomorpha, or 
rabbits and hares) whose chisel-like in
cisor teeth are specialized for gnawing. 
Some extinct orders specialized in the 
same way, and an early primate, an ice
age ungulate and a living marsupial 
have also intruded into the "rodent 
niche" [see top illustration on page 59]. 
This kind of duplication, or near-dupli
cation, is an essential ingredient in the 
richness of the mammalian life that un
folded during the Cenozoic era, or the 
age of mammals. Of the 30 or so orders 
of land-dwelling mammals that ap
peared during this period almost two
thirds are still extant. 

The Reptiles of the Cretaceous 

The 65 million years of the Cenozoic 
are divided into two periods: the long 
Tertiary and the brief Quaternary, which 
includes the present [see illustration on 
page 56]. The 200-million-year age of 
reptiles embraces the three periods of 
the Mesozoic era (the Triassic, the Juras
sic and the Cretaceous) and the final pe
riod (the Permian) of the preceding era. 
It is instructive to compare the number 
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SQUAMATA 
(MONITOR LIZARD) 

CHORISTODERA (CHAMPSOSAURUS 

CHELONIA 
(SOFT·SHELL TURTLE) 

ORNITHISCHIA (IGUANODON) 

SAURISCHIA (MEGALOSAURUS) 

NORTH 

AMERI�A 

SOUTH 

AMERICA 

PTEROSAURIA (DIMORPHODON) 

EURASIA 

AFRICA 

EQUATOR 

ANTARCTICA 

SQUAMATA (DINILYSIA) 

ORNITHISCHIA (POLACANTHUS) 

ORNITHISCHIA (TRICERATOPS) 

RHYNCHOCEPHALIA 
( TUATA RA) 

SAURISCHIA (BRACHIOSAURUS) 

CROCODILIA 
(CROCODILE) 

TWO SUPERCONTINENTS of the Mesozoic era were Laurasia in 

the north and Gondwanaland in the south. The 12 major types of 

reptiles, represented by typical species, are those whose fossil reo 

mains are found in Cretaceous formations. Most of the orders in· 

habited both supercontinents; migrations were probably by way 

of a land bridge in the west, where the Tethys Sea was narrowest. 
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SIX PERIODS of earth history were occu. 

pied by the age of reptiles and the age of 

mammals. The reptiles' rise began 280 mil· 

lion years ago, in the final period of the 

Paleozoic era. Mammals replaced reptiles as 

dominant land animals 65 million years ago. 
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of reptilian orders that flourished during 
some Mesozoic interval about as long as 
the Cenozoic era with the number of 
mammalian orders in the Cenozoic. The 
Cretaceous period is a good candidate. 
Some 75 million years in duration, it is 
only slightly longer than the age of mam
mals. Moreover, the Cretaceous was the 
culmination of reptilian life and its fossil 
record on most continents is good. In the 
Cretaceous the following orders of land 
reptiles were extant: 

Order Crocodilia: crocodiles, alliga
tors and the like. Their ecological role 
was amphibious predation; their size, 
medium to large. 

Order Saurischia: saurischian dino
saurs. These were of two basic types: 
bipedal upland predators (Theropoda) 
and very large amphibious herbivores 
(Sauropoda). 

Order Ornithischia: ornithischian di
nosaurs. Here there were three basic 
types: bipedal herbivores (Ornithopoda), 
heavily armored quadrupedal herbivores 
(Stegosauria and Ankylosauria) and 
horned herbivores (Ceratopsia). 

Order Pterosauria: flying reptiles. 
Order Chelonia: turtles and tortoises. 
Order Squamata: The two basic types 

were lizards (Lacertilia) and snakes (Ser
pentes). Both had the same principal 
ecological role: small to medium-sized 
predator. 

Order Choristodera (or suborder in 
the order Eosuchia): champsosaurs. 
These were amphibious predators. 

One or two other reptilian orders may 
be represented by rare forms. Even if 
we include them, we get only eight or 
nine orders of land reptiles in Cretaceous 
times. One could maintain that an order 
of reptiles ranks somewhat higher than 
an order of mammals; some reptilian or
ders include two or even three basic 
adaptive types. Even if these types are 
kept separate, however, the total rises 
only to 12 or 13. Furthermore, there 
seems to be only one clear-cut case of 
ecological duplication: both the croco
dilians and the champsosaurs are sizable 
amphibious predators. (The turtles can
not be considered duplicates of the ar
mored dinosaurs. For one thing, they 
were very much smaller.) A total of 
somewhere between seven and 13 orders 
over a period of 75 million years seems 
a sluggish record compared with the 
mammalian achievement of perhaps 30 
orders in 65 million years. What light 
can paleogeography shed on this matter? 

The Mesozoic Continents 

The two supercontinents of the age of 
reptiles have been named Laurasia (after 

Laurentian and Eurasia) and Gondwa
naland (after a characteristic geological 
formation, the Gondwana). Between 
them lay the Tethys Sea (named for the 
wife of Oceanus in Greek myth, who 
was mother of the seas). Laurasia, the 
northern supercontinent, consisted of 
what would later be North America, 
Greenland and Eurasia north of the Alps 
and the Himalayas. Gondwanaland, the 
southern one, consisted of the future 
South America, Africa, India, Australia 
and Antarctica. The supercontinents 
may have begun to split up as early as 
the Triassic period, but the rifts between 
them did not become effective barriers 
to the movement of land animals until 
well into the Cretaceous, when the age 
of reptiles was nearing its end. 

When the mammals began to diversi
fy in the late Cretaceous and early Ter
tiary, the separation of the continents ap
pears to have been at an extreme. The 
old ties were sundered and no new ones 
had formed. The land areas were further 
fragmented by a high sea level; the wa
ters flooded the continental margins and 
formed great inland seas, some of which 
completely partitioned the continents. 
For example, South America was cut in 
two by water in the region that later 
became the Amazon basin, and Eurasia 
was split by the joining of the Tethys 
Sea and the Arctic Ocean. In these cir
cumstances each chip of former super
continent became the nucleus for an 
adaptive radiation of its own, each fos
tering a local version of a balanced 
fauna. There were at least eight such 
nuclei at the beginning of the age of 
mammals. Obviously such a situation is 
quite different from the one in the age 
of reptiles, when there were only two 
separate land masses. 

Where the Reptiles Originated 

The fossil record contains certain clues 
to some of the reptilian orders' probable 
areas of origin. The immense distance in 
time and the utterly different geography, 
however, make definite inferences haz
ardous. Let us see what can be said 
about the orders of Cretaceous reptiles 
(most of which, of course, arose long be
fore the Cretaceous): 

Crocodilia. The earliest fossil croco
dilians appear in Middle Triassic forma
tions in a Gondwanaland continent 
(South America). The first crocodilians 
in Laurasia are found in Upper Triassic 
formations. Thus a Gondwanaland ori
gin is suggested. 

Saurischia. The first of these dino
saurs appear on both supercontinents in 
the Middle Triassic, but they are more 
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ADAPTIVE RADIATION of the mammals has been traced from 

its starting point late in the Mesozoic era by Alfred S. Romer of 

Harvard University. Records for 25 extinct and extant orders of 

placental mammals are shown here. The lines increase and decrease 

in width in proportion to the abundance of each order_ Extinct or

ders are shown in color; broken lines mean that no fossil record 

exists during the indicated interval and question marks imply 

doubt about the suggested ancestral relation between some orders. 
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varied in the south. A Gondwanaland 
origin is very tentatively suggested. 

Ornithischia. These dinosaurs appear 
in the Upper Triassic of South Africa 
(Gondwanaland) and invade Laurasia 
somewhat later. A Gondwanaland origin 
is indicated. 

Pterosauria. The oldest fossils of fly
ing reptiles come from the early Jurassic 
of Europe. They represent highly spe
cialized forms, however, and their an
tecedents are unknown. No conclusion 
seems possible. 

Chelonia. Turtles are found in Triassic 
formations in Laurasia. None are found 
in Gondwanaland before Cretaceous 
times. This suggests a Laurasian origin. 
On the other hand, a possible forerunner 
of turtles appears in the Permian of 
South Africa. If the Permian form was 
in fact ancestral, a Gondwanaland origin 
would be indicated. In any case, the 
order's main center of evolution certainly 
lay in the northern supercontinent. 

Squamata. Early lizards are found in 
the late Triassic of the north, which may 
suggest a Laurasian origin. Unfortunate
ly the lizards in question are aberrant 
gliding animals. They must have had a 
long history, of which we know nothing 
at present. 

Choristodera. The crocodile-like 
champsosaurs are found only in North 
America and Europe, and so presumably 
originated in Laurasia. 

The indications are, then, that three 
orders of reptiles-the crocodilians and 
the two orders of dinosaurs-may have 
originated in Gondwanaland. Three oth
ers-the turtles, the lizards and snakes 
and the champsosaurs-may have origi
nated in Laurasia. The total number of 
basic adaptive types in the Gondwana
land group is six; the Laurasia group has 
four. The Gondwanaland radiation may 
well have been slightly richer than the 
Laurasian because it seems that the 
southern supercontinent was somewhat 
larger and had a slightly more varied 
climate. Lam'asian climates seem to have 
been tropical to temperate. Southern 
parts of Gondwanaland were heavily 
glaciated late in the era preceding the 
Mesozoic, and its northern shores (fac
ing the Tethys Sea) had a fully tropical 
climate. 

Although some groups of reptiles, 
such as the champsosaurs, were con
Rned to one or another of the superconti
nents, most of the reptilian orders sooner 
or later spread into both of them. This 
means that there must have been ways 
for land animals to cross the Tethys Sea. 
The Tethys was narrow in the west and 
wide to the east. Presumably whatever 
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land connection there was-a true land 
bridge or island stepping-stones-was lo
cated in the western part of the sea. In 
any case, migration along such routes 
meant that there was little local differen
tiation among the reptiles of the Meso
zoic era. It was over an essentially uni
form reptilian world that the sun Rnally 
set at the end of the age of reptiles. 

Early Mammals of Laurasia 

The conditions of mammalian evolu
tion were radically different. In early 
and middle Cretaceous times the con
nections between continents were evi
dently close enough for primitive mam
mals to spread into all corners of the 
habitable world. As the continents drift
ed farther apart, however, populations 
of these primitive forms were gradually 
isolated from one another. This was par
ticularly the case, as we shall see, with 
the mammals that inhabited the daugh
ter continents of Gondwanaland. Among 
the Laurasian continents North America 
was drifting away from Europe, but at 
the beginning of the age of mammals the 
distance was not great and there is good 
evidence that some land connection re
mained well into the early Tertiary. 
North American and European mam
mals were practically identical as late 
as early Eocene times. Furthermore, 
throughout the Cenozoic era there was 
a connection between Alaska and Si
beria, at least intermittently, across the 
Bering Strait. On the other hand, the in
land sea extending from the Tethys to 
the Arctic Ocean formed a complete bar
rier to direct migration between Europe 
and Asia in the early Tertiary. Migra
tions could take place only by way of 
North America. 

In this way the three daughter conti
nents of ancient Laurasia formed three 
semi-isolated nuclear areas. Many orders 
of mammals arose in these Laurasian nu
clei, among them seven orders that are 
now extinct but that covered a wide 
spectrum of specialized types, including 
primitive hoofed herbivores, carnivores, 
insectivores and gnawers. The orders of 
mammals that seem to have arisen in the 
northern daughter continents and that 
are extant today are: 

Insectivora: moles, hedgehogs, shrews 
and the like. The earliest fossil insecti
vores are found in the late Cretaceous of 
North America and Asia. 

'Chiroptera: bats. The earliest-known 
bat comes from the early Eocene of 
North America. At a slightly later date 
bats were also common in Europe. 

Primates: prosimians (for example, 

tarsiers and lemurs), monkeys, apes, 
man. Early primates have recently been 
found in the late Cretaceous of North 
America. In the early Tertiary they are 
common in Europe as well. 

Carnivora: cats, dogs, bears, weasels 
and the like. The Rrst true carnivores ap
pear in the Paleocene of North America. 

Perissodactyla: horses, tapirs and oth
er odd-toed ungulates. The earliest 
forms appear at the beginning of the 
Eocene in the Northern Hemisphere. 

Artiodactyla: cattle, deer, pigs and 
other even-toed ungulates. Like the odd
toed ungulates, they appear in the early 
Eocene of the Northern Hemisphere. 

Rodentia: rats, mice, squirrels, bea
vers and the like. The Rrst rodents ap
pear in the Paleocene of North America. 

Lagomorpha: hares and rabbits. This 
order makes its Rrst appearance in the 
Eocene of the Northern Hemisphere. 

Pholidota: pangolins. The earliest 
come from Europe in the middle Ter
tiary. 

The fact that a given order of mam
mals is found in older fossil deposits in 
North America than in Europe or Asia 
does not necessarily mean that the order 
arose in the New World. It may simply 
reflect the fact that we know much more 
about the early mammals of North 
America than we do about those of Eur
asia. All we can really say is that a total 
of 16 extant or extinct orders of mam
mals probably arose in the Northern 
Hemisphere. 

Early Mammals of South America 

The fragmentation of Gondwanaland 
seems to have started earlier than that 
of Laurasia. The rifting certainly had a 
much more radical effect. Looking at 
South America Rrst, we note that at 
the beginning of the Tertiary this conti
nent was tenuously connected to North 
America but that for the rest of the pe
riod it was completely isolated. The evi
dence for the tenuous early linkage is 
the presence in the early Tertiary beds 
of North America of mammalian fossils 
representing two predominantly South 
American orders: the Edentata (the or
der that includes to day's ant bears, 
sloths and armadillos) and the Notoun
gulata (an order of extinct hoofed her
bivores). 

Four other orders of mammals are ex
clusively South American: the Paucitu
berculata (opossum rats and other small 
South American marsupials), the Pyro
theria (extinct elephant-like animals), 
the Litopterna (extinct hoofed herbi
vores, including some forms resembling 
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CHISEL·LIKE INCISORS, specialized for gnawing, appear in ani

mals belonging to several extinct and extant orders in addition to 

the rodents, represented by a squirrel \ a), and the lagomorphs, 

represented by a hare (b), which are today's main specialists in this 

ecological role. Representatives of other orders with chisel-like in-

a 

c 

CARNIVOROUS MARSUPIALS, living and extinct, fill an ecologi
cal niche more commonly occupied by the placental carnivores to

day. Illustrated are the skulls of two living forms, the Australian 

"cat," DasYllrus (a), and the Tasmanian devil, SarcophilllS (b). The 

c 

e 

It 

cisor teeth are an early tillodont, Trogoslls (c), an early primate, 

Plesiadapis (d), a living marsupial, the wombat (e), one of the ex

tinct multituberculate mammals, Taeniolabis (fl, a mammal-like 

reptile of the Triassic, Bienotherillm (g), and a Pleistocene cave 

goat, Myotraglls (h), whose incisor teeth are in the lower jaw only. 

d 

Tasmanian "wolf," Thylacinlls (c), has not been seen for many 

years and may be extinct. A tiger-sized predator of South America, 

ThylacosmilllS (d) became extinct in Pliocene times, long before 

the placental sabertooth of the Pleistocene, Smilodon, appeared. 
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horses and camels) and the Astrapotheria 
(extinct large hoofed herbivores of very 
peculiar appearance). Thus a total of six 
orders, extinct or extant, probably origi
nated in South America. Still another or
der, perhaps of even more ancient origin, 
is the Marsupicarnivora. The order is so 
widely distributed, with species found 
in South America, North America, Eu
rope and Australia, that its place of ori
gin is quite uncertain. It includes, in ad
dition to the extinct marsupial carni
vores of South America, the opossums of 
the New \Vorld and the native "cats" 
and "wolves" of the Australian area. 

The most important barrier isolating 
South America from North America in 
the Tertiary period was the Bolivar 
Trench. This arm of the sea cut across 
the extreme northwest corner of the con
tinent. In the late Tertiary the bottom of 
the Bolivar Trench was lifted above sea 
level and became a mountainous land 
area. A similar arm of sea, to which I 
have already referred, extended across 
the continent in the region that is now 
the Amazon basin. This further en-

[QUATOR 

ANT BEAR 

(EDENTATA) 

hanced the isolation of the southern part 
of South America. 

Early Mammals of Africa 

Africa's role as a center of adaptive 
radiation is problematical because prac
tically nothing is known of its native 
mammals before the end of the Eocene. 
We do know, however, that much of the 
continent was flooded by marginal seas, 
and that in the early Tertiary, Africa was 
cut up into two or three large islands. 
Still, there must have been a land route 
to Eurasia even in the Eocene; some of 
the African mammals of the following 
epoch (the Oligocene) are clearly immi
grants from the north or northeast. 
Nonetheless, the majority of African 
mammals are of local origin. They in
clude the following orders: 

Proboscidea: the mastodons and ele
phants. 

Hyracoidea: the conies and their ex
tinct relatives. 

Embrithopoda: an extinct order of 
very large mammals. 

Tubulidentata: the aardvarks. 
In addition the order Sirenia, consist

ing of the aquatic dugongs and mana
tees, is evidently related to the Probos
cidea and hence presumably also origi
nated in Africa. The same may be true 
of another order of aquatic mammals, 
the extinct Desmostylia, which also 
seems to be related to the elephants. The 
one snag in this interpretation is that 
desmostylian fossils are found only in 
the North Pacific, which seems rather a 
long way from Africa. Nonetheless, once 
they were waterborne, early desmosty
lians might have crossed the Atlantic, 
which was then only a narrow sea, navi
gated the Bolivar Trench and, rather 
like Cortes (but stouter), found them
selves in the Pacific. 

Thus there are certainly four, and pos
Sibly six, mammalian orders for which 
an African origin can be postulated. 
Here it should be noted that Africa had 
an impressive array of primates in the 
Oligocene. This suggests that the order 
Primates had a comparatively long his
tory in Africa before that time. Even 

AARDVARK 
(TUBULIDENTATA) 

PANGOLIN 
(PHOLIDOTA) 

FOUR ANT-EATING MAMMALS have hecome adapted to the 

same kind of life although each is a memher of a different mam

malian order. Their similar appearance is an example of the proc-

ess of convergence. The ant hears of the New World Tropics are in 

the order Edentata. The aardvark of Africa is the only species in 

the order Tuhulidentata. Pangolins, found hoth in Asia and in Af-
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though the order as such does not have 
its roots in Africa, it is possible that the 
higher primates-the Old World mon
keys, the apes and the ancestors of man 
-may have originated there. Most of the 
fossil primates found in the Oligocene 
formations of Africa are primitive apes 
or monkeys, but there is at least one form 
(Propliopithecus) whose dentition looks 
like a miniature blueprint of a set of 
human teeth. 

The Rest of Gondwanaland 

vVe know little or nothing of the zoo
geographic roles played by India and 
Antarctica in the early Tertiary. Mam
malian fossils from the early Tertiary are 
also absent in Australia. It may be as
sumed, however, that the orders of mam
mals now limited to Australia probably 
originated there. These include two or
ders of marsupials: the Peramelina, com
prised of several bandicoot genera, and 
the Diprotodonta, in which are found 
the kangaroos, wombats, phalangers and 
a number of extinct forms. In addition 

SPINY ANTEATER 

(MONOTREMATA) 

rica, are members of the order Pholidota. 

The spiny anteater of Australia, a very prim· 

itive mammal, is in the order Monotremata. 
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the order Monotremata, a very primitive 
group of mammals that includes the 
spiny anteater and the platypus, is likely 
to be of Australian origin. This gives us 
a total of three orders probably founded 
in Australia. 

Summing up, we find that the three 
Laurasian con tinents produced a total 
of 16 orders of mammals, an average of 

. 
. -
o 

EQUATOR 

five or six orders per continent. As for 
Gondwanaland, South America pro
duced six orders, Africa four to six and 
Australia three. The fact that Amtralia 
is a small continent probably accounts 
for the lower number of orders founded 
there. Otherwise the distribution-the 
average of five or six orders per subdivi
sion-is remarkably uniform for both the 

Laurasian and Gondwanaland supercon
tinents. The mammalian record should 
be compared with the data on Creta
ceous reptiles, which show that the two 
supercontinents produced a total of 12 
or 13 orders (or adaptively distinct sub
orders). A regularity is suggested, as if a 
single nucleus of radiation would tend in 
a given time to produce and support a 
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CONTINENTAL DRIFT affected the evolution of the mammals 

by fragmenting the two supercontinents early in the Cenozoic era. 
In the north, Europe and Asia, although separated by a sea, re

mained connected with North America during part of the era. The 
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given amount of basic zoological vari
ation. 

As the Tertiary period continued new 
land connections were gradually formed, 
replacing those sundered when the old 
supercontinents broke up. Africa made 
its landfall with Eurasia in the Oligocene 
and Miocene epochs. Laurasian orders 
of mammals spread into Africa and 

PROBOSCIDEA 
(AFRICAN ELEPHANT) 

crowded out some of the local forms, but 
at the same time some African mammals 
(notably the mastodons and elephants) 
went forth to conquer almost the entire 
world. In the Western Hemisphere the 
draining and uplifting of the Bolivar 
Trench was followed by intense intermi
gration and competition among the 
mammals of the two Americas. In the 

CREODONTA 
(HYAENODON) 

process much of the typical South Amer
ican mammal population was extermi
nated, but a few forms pressed success
fully into North America to become part 
of the continent's spectacular ice-age 
wildlife. 

India, a fragment of Gondwanaland 
that finally became part of Asia, must 
have made a contribution to the land 

DIPROTODONTA 
(KANGAROO) 

) 
PERAMELINA 

(LONG-NOSED BANDICOOT) 

free migration that resulted prevents certainty regarding the place 

of origin of many orders of mammals that evolved in the north. 
The far wider rifting of Gondwanaland allowed the evolution of 

unique groups of mammals in South America, Africa and Australia. 
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fauna of that continent but just what it 
was cannot be said at present. Of all the 
drifting Noah's arks of mammalian evo
lution only two-Antarctica and Aus
tralia-persist in isolation to this day. The 
unknown mammals of Antarctica have 
long been extinct, killed by the ice that 
engulfed their world. Australia is there
fore the only island continent that still 
retains much of its pristine mammalian 
fauna. 

If the fragmentation of the continents 
at the beginning of the age of mammals 
promoted variety, the amalgamation in 
the latter half of the age of mammals has 
promoted efficiency by mealls of a large
scale test of the survival of the fittest. 
There is a concomitant loss of variety; 13 
orders of land mammals have become 
extinct in the course of the Cenozoic. 
Most of the extinct orders are island
continent productions, which suggests 
that a system of semi-isolated provinces, 
such as the daughter continents of Lau
rasia, tends to produce a more efficient 
brood than the completely isolated nu
clei of the Southern Hemisphere. Not all 
the Gondwanaland orders were inferior, 
however; the edentates were moderately 
successful and the proboscidians spec
tacularly so. 

As far as land mammals are con
cerned, the world's major zoogeographic 
provinces are at present four in number: 
the Holarctic-Indian, which consists of 
North America and Eurasia and also 
northern Africa; the Neotropical, made 
up of Central America and South Amer
ica; the Ethiopian, consisting of Africa 
south of the Sahara, and the Australian. 
This represents a reduction from seven 
provinces with about 30 orders of mam
mals to four provinces with about 18 or
ders. The reduction in variety is propor
tional to the reduction in the number of 
provinces. 

In conclusion it is interesting to note 
that we ourselves, as a subgroup within 
the order Primates, probably owe our 
origin to a rad!.ation within one of Gond
wanaland's island continents. I have 
noted that an Oligocene primate of Af
rica may have been close to the line 
of human evolution. By Miocene times 
there were definite hcminids in Africa, 
identified by various authorities as mem
bers of the genus Ramapitheclls or the 
genus Kenyapitheclls. Apparently these 
early hominids spread into Asia and Eu
rope toward the end of the Miocene. 
The cycle of continental fragmentation 
and amalgamation thus seems to have 
played an important part in the origin of 
man as well as of the other land mam
mals, 
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RECENT 
FlND I NGS 

RESEARCH LABORATO R I ES 

� 
Heat Torques and 
Circulation in Superfluid 
Helium. 

Recent experiments at Ford Motor Company have 
demonstrated that a h eated object immersed in flowing 
superfluid helium will experience a force or torque 
even in pure potential flow. The existence of such a 

force or torque is a consequen ce of the "two-fluid" 
thermodynamics of helium I I , and results from a 
transfer of superfluid momentum to the obj ect as 
superfluid is converted to normal fluid at the h eated 
surface. 

A heated object acts as a heat source to  the liquid 
h elium and effectively "creates" normal fluid at the 
interface. Since there is no  mass flow across the solid 
boundary, the creati on of normal fluid is  made at the 
expense of the superfluid component. In the experi
ments to be described, the heated object is  a cylinder 
and is  immersed in liquid helium at temperatures 
below the lambda point (the point where superfluidity 
begins) . Furthermore, th e superfluid has been given a 
persistent n et circulation about the object .  The con
version of superfluid to normal fluid thus causes a 
transfer of angular momentum or torque to the h eated 
object .  The torque is  proportional to the circulation 
of the superfluid and also to the strength of the h eat 
source, Q .  
I t i s  generally expected that the persistent circu

lation in a superfluid is  qua ntized, i . e .  it  exists in 
integral multiples of a basic quantity (hiM) , where h 
is Planck's constant and M is the mass of the h elium 
atom. If the circulation is quantized, then a quanti
zation of the heat torque must also be  expected . 
Although a number of attempts have been made to 
investigate the circulation in free vortex lines, multiple 
quantization of circulatioh in h elium II has not yet 
been clearly demonstrated. 

In the Ford experimen ts,  a small h eated glass 
cylinder was suspended by a sensitive quartz torsion 
fiber in rotating superfluid helium . The torque was 

measured optically by the deflection of a beam of light. 
The glass cylinder was painted black and heat was 
supplied by illuminating it with a calibrated projection 
lamp. The h elium was brought into rotation above the 
lambda point by stirring i t  for an hour or  more. The 
bath was then slowly pumped until its temperature fell 
below the lambda point.  The stirring was stopped, and 
normal-fluid motion allowed to decay for at l east an 
hour before measurements were made. The results 
show that the torque is  indeed proportional to  the 
power of the heat source and that the proportionality 
constan t  depends upon the amount of trapped per
sistent circulation . 

Though the basic torque sensitivity of the present 
system is  sufficient to permit the detection of a single 
quantum of circulation , the average noise level would 
not permit a clear resolution of th e individual quanta. 

Thi s  represents one aspect of Ford Motor Company's 
continuing study of the fundamental properties of 
materials to  help design better materials and devices. 
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Exa mples of the  torq ue  on a h eated cyl i nder  (2mm d iam,  1 cm l ong) immersed in  
rotat ing superfl u i d  he l ium as  a function of the heater  power .  The  agreement  with the 
l i n ea r dependence predicted by the a na lysis is  with i n  the l i m its of exper i mental e r ror. 
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COMPUTER "SNAPSHOT" of the paths of a number of molecules 

in a hypothetical fluid symbolizes one of the two main themes 
'
of 

this article: the mathematical analysis of the Brownian motion of 

a small particle buffeted by a turbulent "sea" of such molecules. In 

order to make the photograph, each imaginary molecule was repre

sented by a bright dot on the face of a cathode ray tube_ By focusing 

a camera on the screen and leaving its shutter open, it was possible 

to record the trajectories of the moving dots on photographic film. 
The molecular-dynamical calculations of the paths were fed into 

the display system from a computer, in which the location of each 
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molecule was represented by a set of three numbers, specifying the 

three-dimensional coordinates of its center. The molecules were 

"shaken" one by one, using a mathematical technique called the 

Monte Carlo method; according to this technique, a particle chosen 

at random was displaced by an amount that was determined by pick

ing one of a series of random numbers generated by the computer. 

Various boundary conditions can then he simulated by making 

some moves "legal," and others "illegal." The experiment was per

formed by B. J. Alder and Thomas E. Wainwright at the Lawrence 

Radiation Laboratory of the University of California at Livermore. 
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Brownian Motion and Potential Theory 

The discovery that these two apparent�y unrelated branches 

of physics are in some sense mathenlatically equivalent has 

led to a new subject known as probabilistic potential theor,r 

O
ne of the most exciting events of 
the past decade or so in the field 
of mathematical analysis has been 

the appearance of a new subject called 
probabilistic potential theory. In essence 
this subject represents the marriage of 
two major branches of theoretical phys
ics: the probabilistic theory of random 
processes, which studies such phenom
ena as the Brownian motion of a small 
particle buffeted by a turbulent "sea" of 
molecules, and potential theory, which 
studies the equilibrium states of a ho
mogeneous medium, for example the dis
tribution of heat in a solid body at ther
mal equilibrium. The development of 
probabilistic potential theory is rooted 
in the discovery that these two apparent
ly unrelated branches of physics are in 
some sense mathematically equivalent; 
in other words, the mathematics of one 
can be translated meaningfully into the 
mathematics of the other. From this 
remarkable circumstance have flowed 
many unexpected insights into both sub
jects. Before pointing to the accomplish
ments of probabilistic potential theory, 
however, it will be helpful to review 
briefly the two separate lines of inquiry 
that the new theory connects, namely the 
theory of Brownian motion and potential 
theory. 

The phenomenon of Brownian motion 
was described in 1827 by the Scot

tish botanist Robert Brown in the course 
of an investigation of the fertilization 
process in a newly discovered species 
of flower. Brown observed under the mi
croscope that when the pollen grains 
from the flower were suspended in wa
ter, they performed a "rapid oscillatory 
motion." At first he believed this motion 
was peculiar to the male sexual cells of 
plants. He soon found, however, that 
particles of other organic substances, bits 
of petrified wood and even chips of glass 

by Reuben Hersh and Richard J. Griego 

or granite exhibited the same motion. 
It was not until the 1860's that the 

problem of the cause of Brownian mo
tion really began to bother theoretical 
physicists. Early attempts to explain the 
phenomenon in terms of fluid currents 
in the host medium had had to be reject
ed because observation showed that the 
motions of two neighboring particles 
seemed quite uncorrelated with each 
other. Other properties of Brownian mo
tion were equally intriguing; for exam
ple, the higher the temperature the faster 
the motion, the smaller the particle the 
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faster the motion, the more viscous the 
medium the slower the motion. In addi
tion, the given particle appeared equally 
likely to go in any direction, and the past 
motion of a particle seemed to have no 
bearing on its future motion. Last but 
not least, the motion never stops. 

The relation between temperature and 
speed seemed to suggest a molecular 
origin for the Brownian motion, since 
according to the kinetic theory of heat 
the temperature of any substance is pro
portional to the average of the square of 
the speed of its molecules. Thus a higher 
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MOLECULAR ORIGIN of Brownian motion was originally suggested by tbe observation 

that Brownian particles move faster at higher temperatures; according to the kinetic theory 

of heat higher temperature simply means more rapid molecular motion. Even the smallest 

particle observable through a microscope, however, is far too large to show observable 

motion as a result of a series of kicks from one molecule at a time (lelt). Instead it has 

been shown that the random motion of a Brownian particle is caused by the random dis· 

crepancy between the molecular pressures on different surfaces of the particle (right). 
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BELL·SHAPED CURVES result when one plots the successive positions of a Brownian 

particle on a graph. The horizontal axis of the graph measures the distance traveled in a 

given direction, assuming that at a time t = 0 the particle is at point x = O. The vertical axis 

measures the prohability that the particle will he at any given point at time t = 1, 10 and 

100 seconds respectively for the three curves. Such symmetrical curves are called normal or 

Gaussian densities and represent the quantity e"x'/HJt/2y7TDt, where e is the base (equal 

to 2.7182818) of a natural system of logarithms and D is the diffusivity of the medium. 

temperature means more rapid average 
molecular motion, and observation had 
already shown that higher temperature 
means more rapid Brownian motion. On 
the other hand, any simpleminded notion 
that the jerky movement of Brown's par
ticles was due merely to kicks from sin
gle molecules was 

"
out of the question. 

Even the smallest particle observable in 
a microscope is far too large to show ob
servable motion as a result of a series of 
kicks from one molecule at a time. 

A major advance came in the form of 
a theoretical analysis in statistical me
chanics completed by Albert Einstein in 
1905, the year he published his first pa
per on relativity. At the time many lead
ing physical scientists, including Wil
helm Ostwald and Ernst Mach, regarded 
molecules and atoms not as real entities 
but as intellectual figments that might 

x 

be useful for explaining certain natural 
phenomena. (This view, which is hardly 
remembered today, is somewhat reminis
cent of the way many physicists later 
regarded the wave-particle duality of 
quantum mechanics.) Einstein, reason
ing on the basis of the kinetic theory of 
heat, determined that if an observable 
particle were in the midst of a molecular 
bombardment, it would then describe a 
random motion caused by the difference 
in the number of blows it might receive 
at any instant on, say, its left and right 
surfaces. The smaller the particle, the 
more likely it would be that this differ
ence would be sufficient to cause a de
tectable push. The less viscous the fluid, 
the faster and farther the particle would 
go as a result of each push. Once each 
tiny step was stopped by the fluid's vis
cosity, any future motion would depend 

TIME (SECONDS) 

7 8 9 10 11 

INTUITIVE NOTION of what is involved in Norbert Wiener's mathematical model of 

Brownian motion can be obtained from this illustration. The black zigzag line is the path 

traced out in a finite time period (in this case 11 seconds) by a one·dimensional motion that 

changes direction only at the instants t = 1, t = 2 and so on. If this process were continued 

for an hour, say, there would be only a finite number of paths (2a,600, to be exact), and one 

could say that the particle chooses one path at random in the sense that each path has a 

probability of 1/23,600. Such a process is called "random walk" or "drunkard's walk." 

Wiener solved the problem of going to the limit of infinitely small time increments. 
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only on the random discrepancy between 
molecular pressures on the particle's left 
and right surfaces, its front and back 
surfaces or its top and bottom surfaces. 

Over a period of time such a hypo-
thetical particle would tend to drift 

from its original position. Its exact posi
tion after a certain number of seconds is 
of course unpredictable, but it turns out 
that one can state in a general way 
where the particle is likely to be. If the 
experiment is performed many times and 
the successive positions of the particle 
are plotted on a graph, one obtains a 
bell-shaped curve such as the curves 
shown in the top illustration on this page. 
The horizontal axis in each case mea
sures the distance traveled in any given 
direction, say left or right, assuming that 
at time t = 0 the particle is at the point 
x = O. The vertical axis of the graph· 
measures the probability that the particle 
will be at any given point at time t = 1, 
10 and 100 seconds respectively for the 
three curves. 

It is evident from such graphs that the 
most probable position is always the 
original position and that the farther 
away a position is, the less likely the 
particle is to be there at any given time. 
Moreover, the graphs are symmetric, 
since the movement of the particle is 
unbiased between left and right. As one 
might expect, the three curves show that 
the longer the particle drifts, the like
lier it is to wander from its starting point. 
Bell-shaped curves such as these are 
called normal or Gaussian distributions, 
and they typically arise in situations 
where the measured quantity is the sum 
of a great many independent but essen
tially identical random variables, in this 
case the many little pushes that add up 
to the total motion. 

It is remarkable and amusing that only 
after Einstein had completed his calcu
lations did he learn that the phenome
non he was predicting was already well 
known! He wrote later: "My major aim 
in this was to find facts which would 
guarantee as much as possible the exis
tence of atoms of definite finite size. In 
the midst of this I discovered that, ac
cording to atomistic theory, there would 
have to be a movement of suspended 
microscopic particles open to observa
tion, without knowing that observations 
concerning the Brownian motion were 
already long familiar." 

It was largely this work of Einstein's 
that finally put out of fashion the view 
that molecules and atoms might be fic
titious. In 1926 Jean Perrin received the 
Nobel prize for an experimental applica
tion in 1909 of Einstein's results. By ob-
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serving actual Brownian movement Per
rin was able to measure the predicted 
displacements and was thereby able to 
compute the diffusivity parameter D. 
According to Einstein's formula, D = 

2RT INt, where R is a universal constant, 
T is the absolute temperature, N is Avo
gadro's number (the number of mole
cules in a gram-molecular weight of a 
gas) and t is a viscosity coefficient. In 
this way Perrin succeeded in obtaining a 
value for Avogadro's number, one of the 
fundamental constants of nature: he 
found that N is approximately equal to 
6 X 1O��. 

k far as physicists were concerned, Ein-
stein's and Perrin's investigations 

left the problem of Brownian motion in 
reasonably good shape; more recent work 
has tried to refine and justify Einstein's 
calculations on the basis of the general 
Maxwell-Boltzmann equations of statis
tical mechanics. For mathematicians, 
however, the story does not really begin 
until 1920, when Norbert Wiener wrote 
his first paper on Brownian motion. 

Whereas from a physical viewpoint 
Einstein's calculations and Perrin's ex
periments had explained Brownian mo
tion quite adequately, from a mathe
matical viewpoint the subject was still 
tantalizingly confused. The heart of the 
difficulty was to make precise mathe
matical sense out of the notion of a par
ticle moving "at random." Everyone 
knows what it means to pick between 
heads and tails at random; it means each 
alternative has a probability of 1/2 (if 
we assume that the toss is fair). The 
Brownian particle follows a path that is 
in some sense chosen at random from 
among all possible paths. The set of all 
possible paths, however, is a very large 
and complicated one, and it was one of 
Wiener's major achievements in mathe
matics to show in what sense one can 
speak about choosing from this set at 
random. 

We shall not attempt here even to 
summarize Wiener's argument. None
theless, an intuitive notion of what is in
volved can be obtained by considering 
the path h'aced out in a finite time pe
riod (say an hour) by a one-dimensional 
motion, which changes direction only at 
the instants t = one second, t = two sec
onds and so on [see bottom illustmtion 
on opposite page]. In this case there are 
only a finite number of possible paths 
(23,60°, to be exact), and one could say 
that the Brownian particle chooses one 
path at random in the sense that each 
path has a probability of 1/23,60°. Such 
a process, made up of discrete steps, is 
sometimes called "random walk" or 
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ELASTIC MEMBRANE is stretched across a stiff, closed frame that is twisted into some 

fixed shape in space in this illustration of the role of harmonic functions in potential theory. 

The configuration of such a membrane is given by the height h of each point P on the surface 

of the membrane. Directly below each P on the membrane is a point P on the base plane, 

which has coordinates x, y. Besides being continuous, the function h(x, y) has the following 

simple property: If P is a point in the x, y plane, and r is a small circle with its center at P, 
then the value of hat P (that is, the height of the membrane above P) equals the average of 

the values of h for all points on the circle r. This is called the mean·value property, and a 

continuous function h possessing this property is called a harmonic function. In this case 

the position of P (the point on the membrane above P) is determined by the sum of the 

tension forces exerted on P by the surrounding portion of the membrane (arrows). If the 

membrane is in equilibrium, these forces must cancel, so that the number of nearby ele· 

vations greater than that of P must be matched by corresponding elevations lower than that 

of P, and the average must be just equal to the elevation of P, namely, the function h at P. 

"drunkard's walk." The difficulty is in 
going to the limit of infinitely small time 
increments. 

Wiener showed how to do this in a 
mathematically legitimate way, thereby 
bringing the term Brownian motion into 
the language of mathematics. In the 
Wiener process, as one refers to Wiener's 
model of Brownian motion, the distances 
traveled are distributed according to a 
Gaussian curve, just as they are in Ein
stein's physical model of Brownian mo
tion. Moreover, Wiener proved that al
most certainly (with a probability of 1) 
the path is continuous but nowhere 
smooth. This also fits very nicely with 
physical intuition. A particle in Brown
ian motion surely cannot jump instan
taneously from one point to another, so 
that the path should be continuous; er
ratic changes in direction seem to be tak
ing place constantly, so that one might 
expect the path to consist entirely of 
sharp corners. 

Wiener's work has been continued by 
a long line of successors; in a sense it is 
the fountainhead of most modern work 
in random processes. One of the most 
fruitful outcomes of this work has been 
its role in the development of probabilis-

tic potential theory. To explain the cir
cumstances that led to this highly suc
cessful merger it is necessary to turn 
brieRy to classical, or nonprobabilistic, 
potential theory. 

potential theory is the mathematics 
of equilibrium. It studies harmonic 

functions, which arise whenever one has 
a homogeneous medium in a state of 
equilibrium. Consider an elastic mem
brane stretched across a stiff, closed 
frame that is twisted into some fixed 
shape in space [see illustmtion above]. 
The configuration of such a membran� 
is given by the height h of each point P 
on the surface of the membrane. Directly 
below each point P on the membrane is 
a point P in the base plane, which has 
the coordinates x, y. Thus if the coordi
nates x, y are given, then h is a de
termined quantity; h is said to be "a 
function of x and y," or in more concise 
symbolic terms, h = h(x, y). 

It is phYSically clear, and easy to prove 
mathematically, that h is continuous, 
and moreover that it has the following 
simple property: If P is a point in the 
x, y plane, and r is a small circle with 
its center at P, then the value of h at P 
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(that is, the height of the membrane 
above P) equals the average of the val
ues of h for all points on the circle r. 
This is called the mean-value property, 
and a continuous function h possessing 
this property is called a harmonic func
bon. In this case it can be seen that the 
position of P (the point on the mem
brane above P) is determined by the 
sum of tension forces exerted on j5 by 
the surrounding portion of the mem
brane. If the membrane is in equilibri
um, these forces must cancel, so that the 
total of nearby elevations greater than 
the elevation of j5 must be matched by 
corresponding elevations lower than the 
elevation of P, and the average must 
be just equal to the elevation of P, 
namely hat P. 

Another physical problem leading to 
a harmonic function is the problem of 
temperature equilibrium. In the theory 
of heat Row (which long antedates the 
kinetic theory of heat) it is known that 
in a homogeneous solid the temperature 
at any point P tends to fall if the average 
nearby temperature is lower than that at 
P; it tends to rise if the average nearby 
temperature is higher than that at P. If 
the body is in thermal equilibrium, so 
that the temperature at any given point 
does not change with time, then the tem
perature at that point must equal the 
average temperature over the surface of 
a small surrounding sphere. In other 
words, the temperature T is a harmonic 

- 5 DEGREES 

function of the coordinates x, y, z of the 
point P [see illustration below]. 

The remarkable discovery that all the 
main problems and features of classical 
potential theory have a mathematical 
counterpart in the theory of Brownian 
motion was foreshadowed in 1928 by the 
work of Richard Courant, K. O. Fried
richs and H. Lewy in Germany. The 
mathematical equivalence of the two 
theories has been fully exploited in the 
past two decades by a host of mathemati
cians, including Joseph Doob, Gilbert 
Hunt and Mark Kac in the U.S., E. B. 
Dynkin in the U.S.S.R., P. A. Meyer in 
France and Shizuo Kakutani and K. Ito 
of Japan. 

The happy result of all this work is 
that today any information available in 
one theory can be translated into a theo
rem in the other. In particular, it often 
happens that what is difficult or obscure 
in one theory is completely b'ansparent 
in the other. We shall now give several 
examples to show how light can be shed 
in either direction by this relation. 

The main connection between the the-
. ory of Brownian motion and potential 

theory is made by way of the central 
problem of potential theory, which is 
called the Dirichlet problem after the 
German mathematician P. G. L. Dirich
let. Suppose that in the foregoing exam
ple of a body at thermal equilibrium the 
temperature is measured at all points on 

20 DEGREES 

10 DEGREES 

17 DEGREES 

DISTRIBUTION OF HEAT in a homogeneous solid hody at thermal equilihrium is an

other physical prohlem that involves a harmonic function. Since the temperature at any 

given point in such a hody does not change with time, the temperature at that point must 

equal the average temperature over the surface of a small surrounding sphere. In other 

words, the temperature T is a harmonic function of the coordinates x, y, z of the point P. 
The prohlem can be solved by means of the probahilistic theory of the Brownian motion of 

a hypothetical particle starting at P and hitting tbe surface of the body at a random point Q. 
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lhe surface of the body. Some points are 

hot and others are cold, and if the body 
has been maintained in this state for a 
while, one can expect that a thermal 
equilibrium has been attained in the in
terior. The temperature in the interior 
varies from point to point, but at cach 
fixed point it does not change with time. 
From these assumptions can one com
pute the interior temperature? 

In mathematical terms what one is 
seeking here is a harmonic function, de
fined in the interior of the body, that 
takes on certain known values on the 
surface, or boundary, of the body. (In 
the membrane example the same mathe
matical problem has the following physi
cal interpretation: Given the position of 
the boundary of the membrane, compute 
the position of the interior pOints.) The 
study of Dirichlet's problem has occu
pied the attention of many leading math
ematical analysts of the past century. 
Wiener made major contributions to this 
study, yet he never saw how his own the
ory of Brownian motion could be used to 
solve the Dirichlet problem; this was first 
done by Kakutani. 

To explain Kakutani's method we re
sort to the language of Monte Carlo or 
Las Vegas. Considering once again the 
solid body of the foregoing example, 
choose an interior point P at which one 
wants to know the equilibrium tempera
ture. Having chosen P, one now plays 
a somewhat unconventional gambling 
game: Use the point P as the starting po
sition for the Brownian motion of a par
ticle. Watch the particle. It will wander 
around and eventually (with a probabil
ity of I!) hit the boundary. Say it hits at 
a certain point Q. Then one wins an 
amount equal to the known temperature 
at Q. Of course, it is a matter of chance 
where the particle first hits the bound
ary. In short, P is a determined point in 
the interior, whereas Q is a random 
point on the boundary. 

Obviously one will win at the most the 
maximum boundary temperature and at 
the least the minimum boundary temper
ature. Moreover, as in any gambling 
game, there is a certain amount one can 
expect to win in the long run if one plays 
habitually. This quantity can be found 
simply by playing a great many times 
and computing one's average winnings. 
We shall call this quantity the "expected 
value" of P, or E(P) for short. The "ex
pectation" of the game is the amount a 
rational gambler would be willing to pay 
to the gambling house for the privilege 
of playing. It is this quantity-the ex
pected winnings if one starts at P-that 
is precisely Kakutani's solution of the 
Dirichlet problem. 
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The idea is so simple that (by neglect
ing a few mathematical fine pOints) one 
can readily verify that E(P) is indeed a 
solution. First of all, it should be clear 
that this expectation is a number. As we 
have defined it, it is a number of dollars, 
but we can equally well interpret it in 
degrees of temperature. Moreover, what 
number it is clearly depends on what 
starting point one designates for the par
ticle in Brownian motion. If one starts 
close to a hot part of the boundary, one 
can expect to win more than if one starts 
near a cold part of the boundary. Thus a 
number is actually associated with each 
interior point P. In order to verify that 
E(P) is the equilibrium temperature (the 
solution of Dirichlet's problem) there are 
only two criteria to check: first, that it 
matches the known temperature on the 
boundary, and second, that it is har
monic (that it is continuous and has the 
mean-value property) in the interior. 

\"1ith respect to the first criterion, it is 
clear that if one starts at a point P that is 
actually on the boundary, then the game 
is over before it begins, and the payoff 

E(P) is precisely the known temperature 
at the starting point; in other words, 
P = Q with a probability of 1. More
over, it is plausible (and can be proved 
rigorously) that if one starts the particle 
at an interior point P sufficiently close to 
a particular boundary point Qo, then it 
is almost certain that one will first hit 
the boundary at a point very close to Qo, 
so that the expected winnings-the equi
librium temperature assigned to P-is 
very close to the known temperature at 
Qo. Thus Kakutani's solution does have 
the required boundary behavior. (In this 
argument it is tacitly assumed that near 
Qo the boundary is smooth and that the 
boundary temperature is continuous.) 

Next one has to show that as a func
tion of P the expected value E(P) in this 
game is a harmonic function. Again the 
required continuity is intuitively clear. 
All this means is that if the starting point 
P is changed very slightly, then the ex
pected winnings are changed only slight
ly. The payoff obviously depends on the 
relative distance of the starting point 
from the hot and cold parts of the bound
ary; a slight change in starting position 
means a slight change in these distances. 

What about the mean-value property? 
This is the only part of the argument 
that is not perfectly straightforward, in 
that it requires the introduction of what 
might be called a gimmick. Draw a small 
sphere deSignated r around P. Now, in 
order to show that E is harmonic one has 
to show that E(P) is equal to the average 
of all the E(S)'s, where S is an arbitrary 
point on the sphere r. E(P) is the expect-
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PRINCIPLE that the average of the subaverages equals the grand average is employed in 

the solution of the heat·distribution problem by means of probabilistic potential theory. 

ed payoff of the game if the particle 
starts out at P. Pick a point S on r, and 
suppose that one considers only those 
plays of the game in which the particle 
first meets r precisely at S. Call the av
erage winnings in these plays E(P IS). 
Because Brownian motion has no pre
ferred direction, each point S on r is 
equally likely to be the first, and so, by 
the principle that the average of the sub
averages equals the grand average [see 
illustration above], one sees that E(P) 
equals the average, taken over all points 
S on r, of E(P IS). 

The proof would be complete if it 
were now possible to show that E(P IS) 
is the same as E(S), E(S) being the ex
pected winnings for a particle starting 
at S, and E(P IS) being the expected 
winnings for a particle starting at P and 
first meeting r at S. At any instant, how
ever, the particle in Brownian motion 
behaves only on the basis of its present 
position; it is not influenced by its past. 
(This is called the "Markov property.") 
Therefore the expected behavior of a 
path from P through S is no different 
from the behavior of a path starting at S; 
consequently E(S) does indeed equal 
E(P IS). In physical terms this means 
that one could solve the equilibrium 
problem for heat flow or for a membrane 
by observations of Brownian motion, or 
conversely that one could find the ex
pected outcome of a Brownian-motion 
experiment simply by observing the 
equilibrium configuration of a mem
brane or a heat conductor. 

A noteworthy feature of the proba
bilistic method of solVing the Dirichlet 
problem is that the boundary can be as 
irregular as one pleases. Other proce
dures for solving the problem all encoun
ter complications if the surface of the 
domain is too "spiky" or "hairy." (The 
surface of a bulldog is all right, but not 
the surface of a Saint Bernard or a 
poodle.) In contrast the Brownian-mo
tion solution is meaningful in all cases. 
For a badly behaved boundary the pre
scribed boundary values are taken "on 

the average," but not necessarily at each 
point. 

Having shown how the connection be-
tween Brownian motion and poten

tial theory has been exploited to obtain 
deep insights into classical potential 
theory by simple probabilistic argu
ments, we shall now give a few exam
ples, based on the work of Kakutani and 
Doob, of how, on the other hand, com
plicated and deep questions in proba
bility are sometimes equivalent to very 
simple questions in potential theory. 

Our first example is the "gambler'S 
ruin" problem. Suppose that one of us 
(Hersh) plays with an opponent (Griego) 
at matching quarters. Hersh's fortune at 
the start is N dollars. Griego has M dol
lars. Hersh resolves to play until he ei
ther "breaks the bank" (by winning M 
dollars) or is "ruined" (by lOSing N dol
lars). 

The question is: What is the prob
ability that Hersh will be ruined? It is 
intuitively clear that the answer depends 
on the relative sizes of M and N. If N is 
much less than M, ruin is very likely; 
if N is much greater than M, Hersh is 
pretty sure to break the bank. What may 
not be clear is that it is possible to get 
an exact answer! 

To do this we define a second game. 
Imagine that you (the reader) are an 
onlooker at our quarter-matching. You 
watch our luck, and you bet a dolIar that 
Hersh will be ruined. If Hersh is ruined, 
you win a dollar; otherwise you win 
nothing. \"1hat are your expected win
nings? Clearly they are equal to Hersh's 
probability of being ruined. Further
more, if we call x(t) Hersh's net gain or 
loss at time t, then x changes from one 
instant to the next in the same way that a 
Brownian particle changes position. The 
Brownian particle moves to the left or 
the right with equal probability; Hersh's 
fortune increases or decreases with equal 
probability. The game is over when 
Hersh's winnings x are either +M dol
lars or -N dollars. This corresponds to 
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a particle in Brownian motion on the x 
axis between the points x = +M and 
x = -N. The probability of ruin is the 
probability that the particle first hits the 
left boundary (x = -N) and not the right 
boundary (x = M). That means your 
game has a payoff equal to 1 if the par
ticle first hits the left boundary and a 
payoff equal to 0 if it first hits the right 
boundary. This corresponds precisely to 
a Dirichlet problem for a one-dimension
al domain (the interval between x = -N 
and x = M) with boundary values 1 at 
x = -N and 0 at x = M. 

We could consider the corresponding 
equilibrium-temperature problem, but 
it is even simpler in this case to visualize 
a membrane problem. In fact, since our 
domain is one-dimensional (a part of the 
x axis) we must consider a one-dimen
sional elastic, say a stretched rubber 
band. Everyone knows that the equilib
rium position of a stretched rubber band 
is a straight line. Since in this case the 
particle representing Hersh's winnings 
starts at x = 0, we are interested in the 
height of the rubber band above the 
point x = O. Simple geometry shows that 
it is just M/(M + N) [see illustration be
low]. This, then, is Hersh's probability 
of being ruined. 

The method we have employed here is 
a simple and powerful one. We essen
tially constructed a special Dirichlet 
problem, taking care to choose the do
main and the boundary values stra-

tegically, so that the problem would 
have an interesting probabilistic inter
pretation. The solution was available by 
inspection because the associated equi
librium configuration was so extremely 
simple. 

Our next example will require a little 
more acquaintance with potential 

theory, but it will yield a much deeper 
probabilistic result. Choose a fixed point 
as an "origin," and consider the domain 
!]) of all points P whose distance from 
the origin is greater than E and less than 
K. Here, as usual, E is supposed to be 
a small positive number and K a very 
large one. In three-dimensional space 
!]) is the region between two concentric 
spheres, an inner one of radius E and an 
outer one of radius K. In two dimen
sions the same conditions describe a ring 
between two concentric circles. In one 
dimension !]) is a pair of disconnected 
intervals, one to the right and one to the 
left of the origin [see illustration on page 
74]. In each case we pose a Dirichlet 
problem by asking for a function u that 
is harmonic in !]) and equal to 1 on the 
inner surface and 0 on the outer surface. 
What is the solution? 

In one dimension, as in the stretched 
rubber band, the only harmonic func
tions u(x) are those that have straight 
lines as their graphs. A comparable con
struction shows that in the one-dimen
sional case the solution to the present 

ONE·DIMENSIONAL ELASTIC (in this case a rubber band stretched between two pegs in 

a wall) is considered in finding a solution to the "gambler's ruin" problem by means of 

probabilistic potential theory. The game is matching quarters. One player (Hersh) has a 

fortune of N dollars at the start. The other player (Griego) has M dollars. Hersh resolves 

to play until he either "breaks the bank" (by winning M dollars) or is "ruined" (by losing 

N dollars). In the theory of Brownian motion the particle representing Hersh's winnings 

starts at x = 0, and the probability of ruin is the probability that the particle first hits the 

left boundary (x = -N) and not the right boundary (x = +M). This means that an on· 

looker's game has a payoff equal to 1 if the particle first hits the left boundary and a payoff 

equal to 0 if it first hits the right boundary. Since the equilibrium position of a stretched 

rubber band is a straight line, Hersh's probability of being ruined is the height of the rub· 

ber band above the point x = O. Simple geometry shows that this value is just M/ (M + N). 
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problem is u(x) = (K - x)/(K - E) for x 
greater than E, and u(x) = (K + x)/ 
(K - E) for x less than -E. 

Just as in the gambler's-ruin problem, 
u(x) signifies the probability that if a 
particle starts at position x, it will hit 
the inner boundary (which is given a 
payoff equal to 1) before the outer 
boundary (which is given a payoff equal 
to 0). The formulas given above show 
that if K is very large, u is very close to 
1. It is possible to take the limit of u(x) 
as K goes to infinity; then u = 1 for all x 
and all E. Since the outer boundary has 
now vanished to infinity, !]) is just the 
set of all points outside the interval from 
-E to +E, and u(x) is the probability 
that a particle starting at x will eventual
ly touch that interval. Since u = 1, it 
follows that the particle is almost certain 
to do so. Because both the origin and the 
starting position x are arbitrary, the par
ticle will arrive at every point on the 
line. Having arrived there, the same ar
gument applies once more to the future, 
so that it will in fact almost certainly 
return infinitely many times to every 
point. This property is described by the 
term "recurrent," and what we have 
shown is that Brownian motion in one 
dimension is recurrent. 

To consider the same question in two 
or three dimensions, one needs to 

know only the solutions of the corre
sponding two- and three-dimensional 
Dirichlet problems, with the boundary 
values 1 aSSigned on the inner boundary 
and 0 on the outer boundary. Simple con
siderations, which would be out of place 
in this article but which require only ele
mentary calculus to carry out, show that 
in two dimensions the solution to our 
Dirichlet problem for a circular ring is 
u(r) = (log K - log r)/(log K - log E) , 

where log denotes logarithm. In three 
dimensions, for a spherical shell, the so
lution is u(R) = (I/K - I/R)/(I/K -
1/ E) . We use r to denote distance to the 
origin in the plane, and R to denote dis
tance to the origin in three-space. In 
each case r and R are numbers between 
E and K. 

These functions u(r) and u(R) have 
the same probabilistic meaning as the 
u(x) we just obtained in the one-dimen
sional case; they give the probability 
that a particle, starting at r or R units 
from the origin, will hit the inner bound
ary before it hits the outer one. 

The interesting question is: What 
happens as K becomes extremely large? 
Since log K goes to infinity as K goes to 
infinity, we see that in two dimensions, 
as in one, Brownian motion is recurrent, 
that is, the particle is almost sure to re-
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SCIBNCB/SCOPB 

Apollo 8 voice and television communications depended heavily on Hughes-built 
equipment: 

• • •  the 20-watt microwave traveling wave tube that sent Apollo 8's signals 
earthward (one of the more than 100 flight-quality TWTs built for NASA since 
1962 and used on the Syncom, Early Bird, Intelsat 2, and ATS satellites and the 
Pioneer, Mariner, Lunar Orbiter, and Surveyor spacecraft); 

. • •  the antenna-feed subsystems aboard three special vessels stationed on the 
high seas around the globe to receive and relay Apollo 8's signals; 

. • .  the ATS satellite used in support of the Apollo 8 splashdown; it relayed TV 
from USS Yorktown to Brewster Flats, Wash., for commercial distribution. 

The first European-built equipment for NADGE -- the $300-million air defense 
system that will guard NATO nations from Norway to Turkey -- is now undergoing 
integration testing at Hughes in Fullerton, Calif. The data display console 
built by Selenia S.p.A. of Italy and the video extractor by N.V. Hollandse
Signaalapparaten of The Netherlands are linked with a general-purpose computer 
and other equipment built by Hughes. 

ENGINEERS: Hughes is on the grow! New development programs offer immediate op
portunities for Systems, Circuits, Radar, Communications, Electro-optical, Dis
play, Sonar, Electronics Packaging, Test Equipment, and Solid State Microwave 
engineers. Engineering degree, at least two years of related experience, and 
U.S. citizenship required. Please send your resume to Mr. J. C. Cox, Hughes Air
craft Co., P.O.Box 90515, Los Angeles 90009. An equal opportunity employer. 

An infrared night sight for the Army's Cheyenne helicopter, now being built by 
Hughes under contract with Lockheed-California, will give the gunner a picture 
of ground targets nearly as clear as he would see in daylight. The PINE (for 
Passive Infrared Night Equipment) system enables him to locate targets and fire 
automatic guns, rockets, grenades, machine guns, or Hughes-built TOW wire
guided anti-tank missiles. 

A new method of detecting flaws in metals was presented at the eighth Symposium 
of Physics and Nondestructive Testing in Chicago recently by a University of 
Arizona professor and a Hughes engineer. Their method sends ultrasonic Lamb 
waves throughout a solid material to find defects, much like a submarine sends 
out sonar waves. Engineers can pinpoint the location and size of flaws by not
ing the magnitude of the echo signals and the time they take to return. 

An orbiting "windowshade" of solar cells, which will capture enough of the sun's 
energy to produce 1500 watts of power, is being built by Hughes under contract 
to the Aero Propulsion Laboratories of the U.S. Air Force. Designed to supply 
future satellites with electricity, it c onsists of two flat sheets of solar cells 
(called arrays), each 5� x 16 feet long, which will unroll into space from a 
drum. Space testing of the system is scheduled for late 1970. 

Creating a new world with electronics 
r------------------, 
I I 

: HUGHES: I I 
L __________________ J 
HUGHES AIRCRAFT COMPANY 
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n a n  

- K  - S o K 

DEEP RESULT in probability theory is obtained in the process of solving the following 

problem : Choose a fixed point as an "origin," and consider the domain CJ) of all points P 
w hose distance from the origin is greater than e and less than K. ( e is supposed to be a very 

small positive number and K a very large one. ) In three·dimensional space ( top ) CJ) is the 
region between two concentric spheres, an inner one of radius e and an outer one of radius 

K. In two dimensions ( middle ) the same conditions describe a ring between two concentric 

circles. In one dimension ( botto m )  the domain is a pair of disconnected intervals, one to 

the right and one to the left of the origin. In each case the problem is to find a func

tion u that is harmonic in CJ) and equal to 1 on the inner surface and 0 on the outer surface. 
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turn infinitely many times to a small 
neighborhood of any point. 

In three-dimensional space, on the 
other hand, letting K go to infinity yields 
u(R) = (- l/R)/(- l/e)  = e/R. This is 
the probability that the particle, start
ing at distance R greater than e, will ever 
approach within e of the origin. Since u 
is less than 1, there is a positive proba
bility that the particle will wander off 
and never return. There is, so to speak, 
more room in three-space to escape. 
Thus Brownian motion in three dimen
sions is nonrecurrent. This result, which 
we have obtained with modest effort, is 
a deep result in probability theory. 

The function u(R) = e/R, which we 
have just considered, can be extended 
by setting it equal to 1 for R less than 
or equal to Co The extended function we 
have defined is known as the capacitory 
potential of the sphere 5 1; ' with radius e 
and center at O. The capacitory potential 
of a set B is an important notion of classi
cal potential theory; it is a function har
monic outside B, equal to 1 inside B, and 
equal to 0 very far from B (at infinity). 

Just as in the special case of 5 E , so in 
very general cases the capacitory poten
tial of B is simply the probability that a 
Brownian particle, starting at a given 
point, will ever hit B .  Indeed, almost the 
same arguments applied to the case of 
a sphere would show that the probability 
is equal to 1 for a starting point inside B, 
is harmonic for a starting point outside 
B and is small at great distances from B .  

Current work in  this area has yielded 
far-reaching generalizations of both 
Brownian motion and potential theory. 
The interconnection between classical 
potential theory and Brownian motion 
depends heavily on the fact that Brown
ian motion is a Markov process, that is, 
its present behavior is not influenced by 
its past behavior. Recent investigations 
have shown that in a very real sense 
every decent Markov process corre
sponds to some generalized potential 
theory. For example, the classical theory 
of Riesz potentials corresponds to what 
are called the stable processes of proba
bility theory. Moreover, Markov chains 
(which are discrete Markov processes) 
have their own potential theories. 

Thus the probabilistic viewpoint in 
potential theory has unified and clarified 
'the underlying principles of potential 
theory, and conversely concepts bor
rowed from potential theory and applied 
to probability theory have demonstrated 
the deep analytic structure of Markov 
processes. This has helped to end the 
isolation in the mathematical realm that 
probability theory has suffered from to 
some degree in the past. 
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• We have a fatal attraction 
for the devastating pine bark beetle 

M o u n t a i n  p i n e  b e e t l e s  k i l l  o v e r 400,000 
matu re w h i te p i nes a y e a r ,  p l u s  u n c o u n ted 

t h o u s a n d s  o f  p o n d e ro s a ,  l o d g e p o l e  a n d  

s u g a r  p i nes.  Convent iona l  methods o f  con

trol  p roved i n adequate and too costly.  Since 

1 965 ,  P o t l a t c h  f o r e s t e r s  h av e  s p o n s o r e d  

research b y  lead i n g  b i o l o g i sts and chem ists 

to solve this serious i n sect prob lem of fed

e ra l ,  state and pr ivate t i m ber lands .  And now 

i t  looks l i ke we h ave an answer.  The fem a l e ,  

afte r she bo res i nto the i n n e r  bark ,  p ro d u ces 

an attractant that d raws a mass i n festat ion 

o f  h u n g ry b e e t l e s  t h a t  k i l l  the tree.  T h i s  

essence has been synthesized , and w i l l  now 

be tested commerc i a l l y  i n  our forests to l u re 

beetles to sel ected a reas where they can be 

d e s t r o y e d .  T h e n  e v e r y b o d y  w i l l  b e n e f i t  

except  t h e  b e e t l e s .  P o t l atch  Fo rests,  I n c . ,  

P. O .  B o x  3591 , S a n  Franc isco 941 1 9. 

Potlatch 
Po t l a t c h ,  t h e  f o r e s t s  w h e r e  i n n ov a t i o n s  g ro w  . . .  i n  w o o d  p ro d u c ts ,  i n  p a p e r b o a r d  a n d  p a c ka g i n g, i n  b u s i n e s s  a n d  p r i n t i n g  p a p e rs 
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" P o l a ro i d" a n d  " Po l a co l or" ® 

d'e4razien on d'e4razien 
on 'Polaroid Land �ilm 

A rt h u r  d ' A ra z i e n  is a 
wo r l d - fa m o u s  i nd u st r i a l  
p h otogra p h e r .  

" T h  i s  p h otog ra ph  i s  a 
t r i p l e  ex pos u re .  

A n d  I too k 1 9  m o re j u st 
l i ke i t  o n  Pol a ro i d  4x5 
La n d  co l o r  f i l m .  

F ra n k ly ,  I d id n 't t h i n k  i t  
co u l d b e  d o n e  u nt i l  I d i d 
i t .  A nd I ' ve ta ke n a lot 
of m u lt i p le -expos u re 
p i ct u res . 

Yo u see , a fte r eve ry 
ex posu re I too k t h e  fi I m 

o u t  of the  ca m e ra a nd 
wa ited u nt i l  t h e  l i ght  h a d  
c h a n ged t o  my l i k i n g 
befo re I put  i t  bac k  a nd 

ex posed a ga i n .  I t  was 
d ay l  ight  when I too k t h e  
f i rst ex pos u re .  

Wh a t ' s  s o  u n u s u a l  
a bout  t h a t  i s  t h e  accu racy 
I got . W h at with putt i  ng 

i n  a nd ta k i ng out 20 
s h eets of f i  I m i t ' s  re
m a rka b l e  I d i d n ' t get a 
t r i p l e  i m age.  

I f  you ' ve eve r t r i ed a 
se r ies of m u lt i p l e  
expos u res w i t h  co nve n 
t i o n a l c u t  f i l m  i n  a c u t  
f i l m  h o l d e r  a nd watc hed 
t h at s p r i n g b a c k  s n a p  
aga i n st t h e  body w h e n  
y o u  re m ove t h e  h o l d e r ,  
y o u  k n ow h o w  c h a n cy i t  i s .  

W i t h  Po l a ro i d  4x5 f i l m  
it ' s  d i ffe rent .  O nce 
you 've p u t  i n  the Po l a ro i d  
4x5 La n d  F i l m  H o l d e r ,  
a l l  you ' re ta k i n g out  o r  
p u tt i n g  i n  i s  t h e  f i l m . A n d  

. . 

n o  s n a p p i ng s p r i n gs . 
To m e ,  gett i n g acc u rate 

p ictu res is i m po rta nt .  
But  t h at m ea n s m o re 

t h a n s h a r pnes s .  The c o l o r  
h a s  t o  b e  r i g h t  too . 

The co l o r  of Po l a c o l o r  
f i l m  i s  r i g ht .  

I n  fact , in  some s i t u a 
t i o n s  i t  adds a q u a l ity 
to the p i ct u re n o  ot h e r  
f i l m  ca n eq u a l .  

O n  to p of a l l  t h at ,  a s  
a tec h n i c a l ly -o r i e nted 
pe rso n ,  I a m  j u st fasc i 
n ated w i t h  t h e  a b i l i ty t o  get 
exce l l e n t  p r i nts i n  seco n d s .  

So m e h ow ,  i t ' s  l i ke 
h a v i n g  a co l o r  l a b  i n  you r  
ca m e ra . A l a b  I own a n d 
o pe rate.  So I ca n c h a n ge 
res u l ts at  w i l l ,  by c h a ng
i n g d eve l o p m e n t  t i m e a n d 
te m peratu re . O r  by a d d i n g 
o r  ta k i n g away f i l te r s .  

A n d  t h e  fact t h at a l l  
t h at i s  u n d e r  m y  c o n t ro l , 
w h i l e I ' m s h oot i n g ,  ca n 
ofte n l ea d  me i nto a reas 
I m i ght  n ot h a ve ex p l o red 
ot h e rw i se . 

I t  a ppea l s  to m y  s e n se 
of adventu re . " 
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MARS (above) has a thin, cold atmosphere consisting chiefly of 

carbon dioxide, which in solid form may be the material seen in the 

planet's permanent polar caps. This color picture is a composite of 

several 16·millimeter motion.picture frames taken in July, 1956, 

by Robert B. Leighton of the California Institute of Technology. 

VENUS (below) has a dense, hot atmosphere, which also consists 

chiefly of carbon dioxide. This view taken at the Lowell Observa· 

tory when Venus was almost directly in line between the sun and 

the earth shows how the planet's atmosphere scaUers sunlight, 

creating a thin luminous arc opposite the directly lighted crescent. 
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The Atmospheres of Mars. and Venus 

Distance from the sun can only partly explain why the atmospheres 

of these two planets are so different. If life had not appeared on 

the earth, its atmosphere might resemble that of one or the other 

T
he atmosphere of Venus is hot and 
dense and the atmosphere of Mars 
is cold and thin. Spacecraft have 

gathered information about the atmo
spheres of our nearest planetary neigh
bors that could not be obtained any oth
er way. The results of these flights, 
together with new measurements made 
from the earth, mean that one can begin 
to speak with considerable confidence 
about the temperature, density and 
chemical composition of the atmospheres 
of Venus and Mars. It also becomes prof
itable for the first time to consider how 
the atmospheres of these two planets 
came to be so different from the atmo
sphere of the earth. It is now clear that 
the presence of life has been, and con
tinues to be, a controlling influence on 
the composition of the earth's atmo
sphere. Conversely, the apparent ab
sence of life on Venus and Mars may 
explain much about the nature of their 
atmospheres. In short, the experiments 
carried out by American and Russian 
planetary probes already constitute a 
preliminary life-detection test for our 
nearest neighbors beyond the moon. 

Not quite four years ago (in July, 
1965) the American spacecraft Mariner 
IV passed within 6,118 miles of the sur
face of Mars. When the spacecraft began 
its atmospheric measurements, it was 
early in the afternoon of a winter's day in 
a "desert" known as Electris in the plan
et's southern hemisphere; Mariner IV 
indicated that the temperature of the 
atmosphere at that point was about 
-113 degrees Celsius, 26 degrees below 
the coldest air temperature ever re
corded on the earth. Nearer Mars's poles 
during the long winter night some of the 
atmospheric gas itself may freeze and 
fall to the surface [see top illustration on 
opposite page]. 

On successive days in October, 1967, 
the Russian space probe Venera 4 and 

by Von R. Eshleman 

the American probe Mariner V found 
that the temperature of Venus' atmo
sphere increased nearly 10 degrees C. 
for each kilometer of decrease in alti
tude, reaching 100 degrees C.-the boil
ing point of water at sea level on the 
earth-at an altitude of about 45 kilo
meters. It is now apparent that neither 
spacecraft measured conditions all the 
way down to the surface, but by extrap
olation it seems likely that the tempera
ture there is 425 degrees C., or some 100 
degrees above the melting point of lead. 

Extrapolations of measurements from 
Venera 4 and Mariner V also indicate 
that the atmospheric pressure at the sur
face of Venus is roughly 100 times that 
on the earth, comparable to the pressure 
at a depth of one kilometer in our 
oceans. The thick air on Venus would 
seem like a hot, dilute fluid with a tenth 
the density of water. Such an atmosphere 
would strongly bend the paths of light 
rays and create strange optical distor
tions . In contrast the pressure of the at
mosphere at the surface of Mars is only 
about a hundredth that on the earth. 

In the atmospheres of both Mars and 
Venus the main component is carbon di
oxide. On the earth carbon dioxide is 
only .03 percent of the atmosphere; ni
trogen accounts for 78 percent and oxy
gen for 21 percent. On both Mars and 
Venus free oxygen is certainly rare and 
may be virtually absent; the proportion 
of nitrogen in their atmospheres does not 
exceed 20 percent and could be much 
smaller. 

What about water, which is so plenti
ful on the earth? If the earth were as hot 
as Venus, the oceans would evaporate, 
creating an atmosphere so thick with 
water vapor that the pressure at the sur
face would be about 300 times its pres
ent value. Apparently Venus has less 
than .7 percent water vapor in its lower 
atmosphere, making atmospheric and 

surface water 400 times less abundant 
on Venus than it is on the earth and pos
sibly much less so. In Mars's atmosphere 
water vapor is barely detectable, but 
large amounts could pOSSibly be frozen 
below the solid surface of the planet. 

I find such comparisons fascinating 
and also very puzzling. Venus, the earth 
and Mars are within a factor of two of 
being the same distance from the sun 
and the same size [see top illustration 
on next two pages]. All three planets 
were doubtless formed from the same 
primordial source of matter at the same 
time. The atmospheres of all three ap
pear to have been created after the in
itial supplies of light gases (hydrogen 
and helium) were largely lost to space. It 
is generally thought that these secondary 
atmospheres represent gases "exhaled" 
from the main body of the planet, with 
atmospheric evolution proceeding for 
aeons to produce the markedly different 
conditions we find on the three planets 
today. 

Observations carried out by the space 
probes, together with new observations 
from the earth, have sharpened specula
tion about the reasons for the present 
differences in the atmospheres of the 
three planets . For example, it has recent
ly been suggested that if all life on the 
earth were destroyed, the atmosphere 
would slowly begin to change and 
eventually would resemble the atmo
sphere of either Venus or Mars. I shall 
return to such speculations after first de
scribing some of the experiments per
fOlmed by the American and Russian 
spacecraft [see bottom illustrations on 
next two pages]. 

Until a few months before Mariner IV 
was launched in 1964 the plan for 

the mission did not include any radio 
measurements of the atmosphere of 
Mars. Although various methods of mak-
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o 20 40 60 
DISTANCE FROM CENTER OF SUN 

VENUS, EARTH AND MARS resemble one another much more 

closely than they resemble any of the other planets in the solar 

system. Their distance from the center of the sun and their size are 

plotted here on two scales : the size scale (far right) is arbitrarily 

1,500 times the distance scale (bottom). On this size scale the cur
vature of the limb of the sun (left) is barely evident. The minimum 

. ing such measurements had been dis
cussed since 1960, there was a funda
mental problem facing the scientists and 
engineers concerned with the project. 
The best experiment would be to have 
the spacecraft pass behind Mars and be 
occulted, or eclipsed, so that the radio 
signals between the earth and the space
craft would pass through Mars's atmo
sphere. Because the 1964-1965 flight to 
Mars was to be only the second inter
planetary mission attempted by the U.S., 

the project managers were understand
ably reluctant to accept the occultation 
trajectory. They had plotted the path of 
the spacecraft specifically to avoid such 
a temporary but critically timed loss of 
their long, tenuous thread of radio con
tact with it [see "The Voyage of Mariner 
IV," by J. N. James; SCIENTIFIC AMERI
CAN, March, 1966]. 

A group from Stanford University and 
the Stanford Research Institute was the 
first to describe how planetary atmo-

MARINER V approached to within 2,544 miles of the surface of Venus on October 19, 1967, 

after a voyage of 127 days. The 540-pound spacecraft was designed by the Jet Propulsion 

Laboratory of the California Institute of Technology. Mariner IV, which passed within 

1i,1l8 miles of Mars on July 15, 1965, after a trip of 228 days, was very similar in design. 
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spheres and surfaces could be studied by 
occultation and related radio measure
ments. This group had proposed an ex
periment and instrumentation for this 
flight that would, be particularly sensi
tive to Mars's ionosphere, the ionized 
upper part of the planet's atmosphere. 
Another group involved in the radio 
tracking of space probes first showed in 
detail, however, that the radio systems 
already designed for communications 
and for tracking the spacecraft could 
supply such precise data on signal char
acteristics that valuable atmospheric 
measurements could be made even with
out adding any new equipment. During 
the same period that the two groups 
were refining their predictions of the 
scientific potential of radio-occultation 
measurements, other scientists and en
gineers were beginning to worry that 
lack of knowledge about the atmosphere 
of Mars would make it difficult to plan 
for missions in which spacecraft would 
land on the planet. It had been thought 
for years that the pressure of the atmo
sphere at Mars's surface was about 8.5 
percent of the pressure at the earth's 
surface, but new measurements from 
the earth seemed to place the value 
closer to 2.5 percent. This combination 
of events led to the 1 1th-hour change in 
plan to accept the hazard of the tem
porary loss of communications in order 
to make atmospheric measurements with 
these same radio links in the moments 
before and after occultation. The men 
who were assigned the responsibility for 
this experiment were Arvydas Kliore 
(the principal investigator), Dan L. Cain, 
Gerald S. Levy and Frank D. Drake of 
the Jet Propulsion Laboratory of the 
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comes greater than 13 centimeters. In 
addition the path followed by the sig
nals is bent by both the un-ionized and 
the ionized part of the atmosphere [see 
illustration on next page J. 

and maximum distances of the three planets as they travel in orbit around the sun are 

indicated by the vertical white lines. The atmospheres of the three planets, now very dif

ferent, appear to have been formed after the light gases initially present escaped into space. 

These changes are small, but the ac
curacy of measurement is great. As Mar
iner IV first moved behind the daytime 
ionosphere of Mars, the ionosphere made 
it appear that in one second the space
craft's motion away from the earth was 
as much as four centimeters less than the 
actual increase in distance, which was 
about 13 kilometers. The sum of such 
extra effects during the entire period 
Mariner IV was approaching occultation 
resulted in an apparent displacement of 
.75 meter toward the earth followed by 
an apparent displacement of about two 
meters away from the earth before the 
signal was completely blocked by the 
planet. On emergence from occultation 
the planet's neutral atmosphere made it 
appear that Mariner IV was about 2.4 
meters beyond its actual position, but it 
"came back into focus" without showing 
a discernible negative shift, which would 
have been expected if an ionosphere 
were present on the night side of Mars. 
In order to appreciate the precision 
involved in these measuremen ts one 
should bear in mind that the spacecraft 
was then about 216 million kilometers 
from the earth. 

California Institute of Technology, and 
Gunnar Fjeldbo and myself of Stanford 
University. (Drake is now at Cornell 
University.) 

The principle involved in the experi-
ment is as follows. The atmosphere 

of Mars acts as a radio lens, causing the 
spacecraft to seem to depart from its 
actual path when it passes behind the 
atmosphere, just before going into oc
cultation and just after emerging from it. 
The apparent distance to the spacecraft 
is determined by sending Signals of pre
cisely controlled frequency to the vehicle, 
which then retransmits the signals to the 
earth. At the tracking station on the earth 
the frequency of the returned Signal is 
compared with what was originally trans
mitted, and the difference (the Doppler 
frequency) is precisely measured. 

By counting the number of cycles dif
ference in a second, one can deter
mine the apparent distance (in radio 
wavelengths) the spacecraft has moved 
in a second, either toward or away from 
the tracking station. For example, if the 
frequency of the returning Signal is 
200,000 cycles per second lower than 
the outgoing signal and if the radio 
wavelength of the tracking signals is 13 
centimeters, then in one second the 
spacecraft has apparently moved 13 kilo
meters away from the tracking station. 
(The distance is not 26 kilometers, as 
one might think, because one must di
vide by two to allow for the t",ro-way 
path to and from the spacecraft.) If there 
is nothing but empty space between 
the spacecraft and the tracking station, 
the radio wavelength will remain con
stant at 13 centimeters between the two 

points, and the apparent motion can be 
regarded as the true motion of the space
craft. As the Signal passes through the 
atmosphere of Mars, however, several 
changes in wavelength occur. In the un
ionized lower part of the atmosphere the 
phase velocity of the radio waves is less 
than c, the velocity in a vacuum, so that 
the wavelength becomes less than 13 
centimeters. In the ionized upper part 
of the atmosphere the phase velOcity is 
greater than c, and the wavelength be-

It may be hard to believe such small 
changes could be attributed to the at-

VENERA 4, the 2,433·pound Russian probe, reached Venus some 36 hours before Mari

ner V and ejected an instrumented capsule equipped with a parachute. The Russians report

ed that the capsule measured atmospheric conditions all the way to the planet's surface. 

There is now good evidence that the last reading was at an altitude of about 25 kilometers. 
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MARS'S ATMOSPHERE was studied by measuring the changes in 

the frequency of radio signals beamed to Mariner IV and retrans· 

mitted to the earth in the moments immediately before and after 

the signals were blocked by the planet. Signals that passed through 

the ionosphere, the electrically charged part of the upper atmo· 

sphere, were increased in wavelength, making it appear that the 

spacecraft had deviated from its actual path by about .75 meter. 

Subsequently signals passing through the neutral, lower part of the 

atmosphere were shortened in wavelength, making it appear that 

Mariner IV had deviated about two meters in the other direction. 

mosphere of Mars. After all, the radio 
signals also had to pass through the 
much denser ionosphere and lower at
mosphere of the earth, and the position 
and actual path of the spacecraft were 
not known down to the last meter. In re
gard to the first point, irregularities in 
the earth's ionosphere and lower atmo
sphere did not create a problem because 
the period of measurement was very 
short. Most of the effect of the lower at
mosphere on both sides of Mars showed 
itself within 10 seconds, as the space
craft Hashed behind the planet. In such 
a brief period changes in the earth's at
mosphere and in interplanetary space 
are almost always small enough to ig
nore, even though they could become 
important over a longer time. As for the 
second point, the answer is that, al
though the exact position and trajectory 
of the spacecraft are not known on an 
absolute basis, we do know that the path 
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must be very nearly the path of a pOint 
mass in a gravitational field that, at a 
distance of several tens of thousands of 
kilometers from the planet, must be 
highly symmetrical. In the brief period 
that interests us the law governing mo
tion in such a field can be fitted to the 
measurements to determine to what ex
tent the law is broken by the extra effects 
of Mars's atmosphere. 

Similar considerations apply to the 
radio measurements of the atmosphere 
of Venus by Mariner Yin 1967, although 
here the distortion of the radio Signals 
was much greater. Kliore again headed 
a team that used radio links to study at
mospheric effects. In addition a two
frequency occultation experiment was 
conducted by H. Taylor Howard, Roy A. 
Long, Fjeldbo, myself and others from 
Stanford University and the Stanford 
Research Institute. It measured very 
tenuous regions in the upper atmosphere 

of Venus and also provided additional 
data on characteristics of the lower at
mosphere. 

One important difference between the 
results for the two planets arises from 
the fact that the dense atmosphere of 
Venus is super-refractive [see illustration 
on opposite page]. It is well known that 
light and radio rays in the earth's atmo
sphere are bent by changes of density 
with altitude; the maximum deHection 
due to the lower atmosphere is about 
half a degree when one looks toward the 
horizon. Thus the disk of the setting sun, 
which subtends an angle of half a de
gree, appears to be just above the hori
zon when in reality it has already gone 
below it. 

Light rays are bent the same amount 
on Venus at an altitude of about 50 kilo
meters. At somewhat lower altitudes a 
horizontal radio ray is bent even more 
before it escapes into space, and at an 
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VENUS' ATMOSPHERE, studied with the aid of Mariner V, 
turned out to have a pressure about 100 times that of the earth and 

some 10,000 times that of Mars. Below an altitude of about 35 

kilometers the atmosphere is super· refractive, which means that a 

ray of light would follow an arc that is sharper than the curvature 

of tbe planet. Mariner V's antenna beam was tilted to help compen

sate for the ray curvature expected in the dense atmosphere. Tape 

recordings of the signals are still being searched by computer for 

evidence of the reflected ray that presumably bounced of( the planet 

to demonstrate a possible way to study the super.refractive region. 

altitude of about 35 kilometers the ray 
would curve so much that it would circle 
the planet and return to its starting point. 
Below this critical level Venus' atmo
sphere is super-refractive, which means 
that the arcs of rays bend more sharply 
than the arc of the surface of the planet. 
Hence the radio-occultation measure
ments of the atmosphere can be made 
only down to the region of super-refrac
tion. An observer on a planet that had a 
transparent, super-refractive atmosphere 
could in principle see the entire surface 
of the planet spread out around him as if 
he were on the bottom of a bowl [see 
illustration on next page]. 

I-I0w can these lenslike effects on the 
radio waves passing through the 

atmospheres of Mars and Venus be inter
preted in terms of density, temperature 
and pressure? Since the measured effects 
are the bending of radio rays and ap-

parent changes in distance, the crucial 
property of the atmospheric gas is its re
fractive index. This value is inversely 
proportional to the phase velocity of 
light through the gas, and it controls 
ray-bending just as it does in a glass 
lens. Because the refractive index of a 
gas is very nearly unity, it is convenient 
to use the derived quantity called refrac
tivity, which is defined as a million 
times the difference between the refrac
tive index and unity. Of course the mea
sured refractivity is averaged through 
almost tangential paths through the at
mosphere. Determining the refractivity 
as a function of height in the atmosphere 
requires that the sequence of mea
surements be mathematically inverted. 
Techniques for solving this complex 
problem on a digital computer have been 
worked out by my colleague Fjeldbo. 
For Mars the maximum atmospheric re
fractivity turns out to be about four, that 

is, the refractive index differs from unity 
by only four parts in a million. 
" The refractivity of most un-ionized 
gases is equal to the number of molecules 
per unit volume (called the molecular 
number density) times a quantity that is 
characteristic of that gas. For a gas mix
ture it is the sum of such products for 
the individual constituents. Therefore if 
the constituents and their relative abun
dances are known, a measure of refrac
tivity directly yields the molecular num
ber density, which in turn is proportional 
to the ratio of pressure to temperature. 
Then the refractivity profile, or change 
of refractivity with altitude, is propor
tional to the molecular number density 
profile. In a mixed planetary atmosphere 
the number density will decrease expo
nentially with increasing height, falling 
to 37 percent of the initial value over a 
height difference called the scale height. 
The scale height, in turn, is directly pro-
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SUPER·REFRACTIVE ATMOSPHERE would persuade an observer on Venus that he was 

living at the bottom of a gigantic bowl, illustrated here in cross section. If the atmosphere 

were perfectly clear, he would see the entire surface of his planet endlessly repeated in ex· 
panding rings. Because of the bending of light rays an object at position A would seem to lie 

at A', AU and A"'. Similarly, an object at B would appear in the second ring, at BU. Its ap· 

pearances at B' and 8m cannot be shown because they lie in the missing front half of the bowL 

portional to the gas temperature and in
versely proportional to the mean molecu
lar mass of the mixture and the known 
planetary gravity. If the pressure-tem
perature ratio is found from the local 
refractivity and the temperature from 
the profile, then both pressure and tem
perature can be determined for various 
heights in the atmosphere. 

The foregoing assumes that the atmo
spheric composition is known. Alterna
tively, if other information is available 
about temperature or pressure at some 
point in the atmosphere, then some in
ferences about constituents can be made, 
but a unique solution is not possible. 
Fortunately the composition of the at
mospheres of Venus and Mars now ap
pears to be known well enough so that 
pressure and temperature can be derived 
from occultation measurements with 
comparatively little uncertainty. 

Spectroscopic observations made from 
the earth before the Mariner Rights 

had indicated that carbon dioxide is a 
constituent of both atmospheres, but the 
relative abundance had not been es
tablished. For Mars the approximate 
amount of carbon dioxide and the to
tal refractivity combine to indicate that 
there is no room for much else-carbon 
dioxide must be the principal constit
uent. New observations made from the 
earth are in agreement. In addition the 
temperature derived by assuming that 
Mars's atmosphere consists entirely of 
carbon dioxide indicates little leeway for 

. lighter constituents; for example, if there 
were as much as 20 percent nitrogen, 
the temperature at the southern hemi
sphere point measured by Mariner IV 
would have been at the freezing point of 
carbon dioxide. In that case some of the 
carbon dioxide in the atmosphere should 
have turned to a snow of "dry ice" and 
fallen to the surface. Robert B. Leighton 
and Bruce C. Murray of the California 
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Institute of Technology have presented 
strong evidence that the polar caps of 
Mars may consist predominantly of dry 
ice, with the atmosphere and the caps 
exchanging carbon dioxide on a seasonal 
basis. Inasmuch as Mariner IV Rew over 
an area well away from the southern 
polar cap, the atmosphere it measured 
should have been somewhat above the 
freezing point of carbon dioxide. 

Venera 4 directly measured the car
bon dioxide content of Venus' atmo
sphere and found it to be 90 ± 10 per
cent, a value that is in general agree
ment with less direct measurements 
made with earth-based instruments and 
by Mariner V. Veneta 4 carried two in
struments for measuring nitrogen, and 
both gave negative results; the more 
sensitive instrument could have detected 
nitrogen if as little as 2.5 percent were 
present. The probes to Mars and Venus 
have overturned the long-held belief 
that, by analogy with the earth, nitrogen 
must be the predominant atmospheric 
constituent on both planets. 

The atmospheric-pressure profiles for 
Mars and Venus show that the surface 
pressure of Mars is roughly a hundredth 
of the earth's and that the surface pres
sure of Venus is 100 times greater than 
the earth's. The actual measurements 
at the occultation points on Mars give 
about .45 and .8 percent of the earth's 
pressure, but this difference is doubtless 
due to differences in the height of the 
particular surface features that cut off 
the lowest radio path. Radar studies by 
Gordon H. Pettengill of the Lincoln Lab
oratory of the Massachusetts Institute of 
Technology show height variations of at 
least 11 kilometers in Mars's topography. 
Hence the atmospheric pressure at the 
surface must vary at least by a factor of 
three for different locations on Mars, 
with the occultation measurements of 
pressure probably being somewhat be
low the average. 

The pressure curves for Mars, the 
earth and Venus are remarkably parallel 
[see illusttation on opposite page]. The 
slope of a pressure curve would be 
steeper with higher temperature, with 
lower gravity and with a lower mass of 
the molecules in the gas. The earth and 
Venus, with nearly the same gravity but 
different temperatures, still have parallel 
pressure lines because the average mass 
of the molecules in the atmosphere of 
Venus is greater. In comparing the earth 
and Mars one finds that Mars's lower 
gravity (only 39 percent that of the 
earth) is counteracted by the higher mo
lecular mass of its atmosphere and by its 
lower temperature, keeping the pressure 
curves approximately parallel. 

The temperature of the atmosphere 
near the surface of Mars is approxi

mately what one would predict on the 
basis of its distance from the sun [see 
illusttation on page 86]. If Mars, Ve
nus and the earth were black spheres 
without atmospheres, they would reach 
equilibrium temperatures in which the 
amount of solar radiation they absorbed 
would be exactly matched by the 
amount of heat they radiated into space 
at infrared wavelengths. Temperature 
would depend only on distance from the 
sun. Venus would be 330 degrees Kelvin 
(degrees C. above absolute zero), the 
earth would be 280 degrees K. and 
Mars 225 degrees K. (On the Fahrenheit 
scale these three temperatures would be 
134 degrees, 45 degrees and -54 de
grees.) Mariner IV provided two values 
for the lower air temperature on Mars: 
160 degrees K. and 235 degrees K. The 
first figure applies to a winter day at 50 
degrees south latitude; the second, to a 
summer night at a latitude of 60 degrees 
north. 

On Venus the temperature in the low
er atmosphere far exceeds the tempera
ture of a simple black body at Venus' 
distance from the sun. There is still 
considerable uncertainty about the tem
perature below an altitude of 25 kilo
meters . The Russians originally reported 
that Venera 4 reached the surface of 
Venus, where it recorded a pressure of 
20 atmospheres (roughly 300 pounds per 
square inch) and a temperature of 545 
degrees K. It now appears that these 
figures must apply to the region about 25 
kilometers above the surface. The figures 
for the lower atmosphere are determined 
from extrapolation, for which two differ
ent assumptions can be made. One is 
an "adiabatic" extrapolation, in which it 
is assumed that the measured rate of 
change in temperature from 57 kilome
ters to 25 kilometers continues all the 
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way to the surface of the planet. This is 
about the maximum temperature gradi
ent possible in the atmosphere of Venus. 
If the lower region were hotter than this 
value, the atmosphere would be unsta
ble: the lower, hotter gas would tend to 
rise through the higher, cooler gas, re
distributing the heat energy to re-create 
an adiabatic temperature gradient at a 
higher absolute value of temperature. 

The other assumption, which I con
sider the less plaUSible, is that the rate of 
change in temperature does not continue 
all the way to the surface, so that the 
surface temperature is no higher than 
about 600 degrees K. In any event, it 
follows that the temperature near the 
surface is within 100 degrees of 700 de
grees K. Venus, unlike Mars, appears to 
exhibit little daily or seasonal tempera
ture change and is probably very hot 
even at the poles. Measurement and 
theory also indicate that the surface of 
Venus does not vary greatly in altitude, 
perhaps less than a few kilometers 

I t was known soon after the Venera 4 
and Mariner V measurements were 

made that this evidence could not be 
reconciled with radar determinations of 
the radius of Venus without a major 
change in interpretation of at least one 
of the three sets of measurements. Com-

craft was near Venus, its trajectory 
was influenced primarily by the planet's 
center of mass; hence the radio-tracking 
data can be used to establish the dis
tance from the earth to the center of 
Venus. A simultaneous radar echo yields 
the distance from the earth to the sur
face of Venus. The difference between 
these two distances is thus a relatively 
direct measurement of the radius of 
Venus. This measurement is largely in
dependent of the complexities of the 
experiments conducted with radar alone, 
which involve the simultaneous solution 
for some 20 parameters associated with 
the orbits of the earth and Venus, along 
with perturbations due to other planets. 
The radar-echo distance to the surface of 
Venus and the radio-tracking data for 
calculating the distance to the center of 
Venus provided a value for the planet's 
radius that agre�d closely with the ear
lier radar measurements: 6,053 ± 5 kilo
meters. 

What could have gone wrong with 
Venem 4? Its atmospheric measurements 
are compatible with the radar and Mari
neI' V data only if they actually began 
50 kilometers above the surface and end
ed about 25 kilometers above it. The 
Russians have stated that the aim of 

Venera 4 was not necessarily to sample 
conditions all the way to the surface but 
rather to penetrate deep into its atmo
sphere-to a level where conditions were 
approximately those of the actual mea
surements. Nevertheless, they initially 
concluded that Venera 4 did reach the 
surface on the basis of (1) a single altim
eter reading, apparently of about 25 
kilometers, at the start of the spacecraft's 
parachute descent and (2) the subse
quent elapsed time to the termination of 
its Signal, during which time it must have 
fallen about 25 kilometers. 

Suppose, however, that the initial al
titude were 50 kilometers instead of 25. 
Then all the other data would be in ex
cellent agreement, with Venera 4 pene
trating about as far as it was designed to 
go and giving its last report at an alti
tude of 25 kilometers. The logic of this 
explanation is consistent with an ambi
guity in the interpretation of the radio
altimeter reading. It happens that cer
tain simple systems for indicating a 
particular altitude (say 25 kilometers) 
are unable to distinguish heights that 
are exact multiples of the intended alti
tude. We do not know, however, if this 
kind of system was used on Venera 4. 

The temperature of Venus is of partic-

paring the atmospheric measurements 120 ,-------------------------------, 
made by the two spacecraft establishes 
the connection between the Mariner V 
scale, which is distance from Venus' cen
ter of mass, and the Venera 4 scale, 
which is purported to be height above 
the solid surface. From this comparison 
it follows that the radius of the planet on 
the Venera 4 scale would be about 25 
kilometers greater than the value deter
mined by earth-based radar. 

This contradiction was troublesome 
because it seemed that the radar-deter
mined radius was accurate and that the 
Venera 4 data were self-consistent. On 
the other hand, either could be in error; 
determining the radius on the basis of 
radar data alone is quite involved and 
the Venera 4 interpretation depends en
tirely on a single altimeter report. Al
though a number of other arguments 
could be brought to bear on the prob
lem, what was really needed was an in
dependent measurement either of the 
radius of the planet or of the atmospheric 
properties near the surface. 

Such a measurement (for the radius) 
proved to be feasible by combining the 
results from the radio tracking of MaTi
ner V with measurements of the radar 
distance to the surface of Venus, which 
had been made simultaneously [see il
lustration on page 87]. When the space-
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observations. Among the alternatives 
that have been suggested are clouds of 
dust, carbon suboxide (C302) and com
pounds of mercury and chlorine. If the 
Venera 4 water measurement is accept
ed, then it would seem that the clouds 
are ice crystals, with a lower boundary 
some 60 kilometers above the surface. 

I am struck by the sudden break in 
the temperature profile near this height 
as measured by Mariner V on both the 
day and the night side of Venus. The 
temperature at this break is near the 
freezing point of liquid water, if one as
sumes that the atmosphere is almost 
entirely carbon dioxide. The break sug
gests to me that the clouds may be a mix
ture of ice and water, in which case the 
percentage of water vapor condensing 
and sublimating at the cloud level should 
be even higher than the limit estab
lished by Venera 4 at lower altitudes. If 
raindrops formed in such a cloud, they 
would not fall to the surface but would 
vaporize at a height of about 38 kilo-

o L_ __ -.L...!.. __ ...1-..,.-_�L-.,...---L.---...I----.l'---.....L..----I meters. Alternatively the drops might 

o 100 t 300 t 400 500 600 700 800 consist not of pure water but of acid; 
225 280 330 hydrogen chloride and hydrogen Huoride 

TEMPERATURE (DEGREES KELVIN) have been detected in the atmosphere. 

ATMOSPHERIC TEMPERATURE near the surface of Mars is about two-thirds that on 

the earth and only about a third that on Venus, as measured on the Kelvin, or absolute, 

scale. The three values at the bottom of the chart (225, 280 and 330 degrees) are the theo

retical temperatures expected at the surface of the planets if they behaved as ideal black 

bodies in space. The two legs of the actual curve for Mars represent values at different sea

sons and latitudes as measured by Mariner IV. The two legs of the temperature curve for 

Venus represent different extrapolations for the lowest 25 kilometers of the atmosphere. 

ular interest. Why is the planet approxi
mately twice as hot as the black-body 
equilibrium temperature of 330 degrees 
K.? Venus rejects (by reHection) about 
76 percent of the radiant energy it re
ceives from the sun; this effect alone 
should make it 100 degrees cooler than 
the equilibrium value. It would seem 
that the high temperature of the planet 
can be explained only in terms of either 
an extremely strong internal source of 
heat or an extremely efficient trapping 
of the infrared radiatio� that otherwise 
would carry away the heat energy. 

The hypothesis favored at present is 
that solar radiation is trapped by the 
"greenhouse" effect. Carl Sagan of Cor
nell University and James Pollack of the 
Smithsonian Astrophysical Observatory 
have studied this problem in detail. 
Their view, in brief, is that the carbon 
dioxide and water vapor in the atmo
sphere of Venus act as a highly efficient 
glass in the greenhouse, allowing the 
energy of the sun's visible light to enter 
and be deposited throughout the lower 
atmosphere, perhaps down to and in
cluding the surface. The energy that is 
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reradiated at infrared wavelengths finds 
the atmosphere so nearly opaque that 
the temperature must rise to the point 
where enough heat is radiated, in spite 
of this opacity, to balance the incoming 
energy. The higher the infrared opacity 
is, the higher the temperature must go 
before this balance is reached. For the 
earth and Mars the amount of solar en
ergy lost by reHection from clouds and 
from the surface of the planet just about 
balances the weak trapping of infrared 
in their atmospheres, but for Venus the 
greenhouse effect greatly predominates 
and is the detelmining factor in its tem
perature. 

The constitution of the clouds and the 
amount of atmospheric water are partic
ularly relevant to our understanding the 
temperature of Venus. Venera 4 indi
cated that below the clouds the water 
content is between . 1  and .7 percent, but 
the reliability of this measurement has 
been contested. Earth-based spectro
scopic observations indicate a very dry 
atmosphere above the clouds, and there 
is controversy over whether or not clouds 
of ice particles are compatible with these 

Even if one accepts the presence of ex-
tensive water clouds on Venus, it is 

a mystery why the planet should have so 
much less surface and atmospheric water 
than the earth. If one assumes that Venus 
and the earth have exhaled from their in
terior about the same amount of water 
since their formation, this means that Ve
nus ultimately lost to space an amount of 
water comparable to the quantity in the 
oceans of the earth, while the earth lost 
essentially none. The upward How of wa
ter vapor in an atmosphere is conh·olled 
by a "cold h·ap," an altitude of minimum 
temperature; when the vapor reaches 
this altitude, much of it may condense or 
freeze, and then fall. The water vapor 
that reaches higher altitudes is dissoci
ated into hydrogen and oxygen by solar 
radiation; the free hydrogen may be lost 
by escape into space and the free oxygen 
by being bound into compounds, nota
bly in the oxidation of surface materials 
(such as iron) and of atmospheric con
stituents (such as carbon monoxide and 
methane). If atoms in the atmosphere of 
Venus are ionized by being stripped of 
electrons by solar radiation, their escape 
from the top of the atmosphere may 
be strongly affected by Venus' lack of a 
magnetic field, which allows the charged 
particles of the "solar wind" to interact 
more directly with Venus' atmosphere 
than they do with the earth's. Clues to 
the characteristics of such interactions 
were obtained from three experiments 
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on Mariner V One dealt with solar-wind 
particles, another with magnetic fields 
and the third was the two-frequency oc
cultation experiment. 

Unfortunately there is disagreement 
on the magnitudes of the various effects. 
Some investigators have concluded that 
Venus could have lost an amount of wa
ter equal to the quantity in the earth's 
oceans over the past 4.5 billion years; 
others have concluded that it could not 
have done so. If the second conclusion is 
correct, it may be that Venus originally 
condensed from materials poorer in wa
ter than those that formed the earth. An 
interesting alternative to this assumption 
has recently been outlined by Peter E. 
Fricker and Ray T. Reynolds of the 
Ames Research Center of the National 
Aeronautics and Space Administration. 
They suggest that Venus still has much 
of its original water in solution in sub
surface molten rock. Because Venus was 
presumably always hotter than the earth, 
much of the silica rock at its surface was 
probably molten over most of geologic 
time. The early characteristics of the at
mosphere would therefore be deter
mined primarily by the relative solubility 
of water and carbon dioxide in the silica 
melt. One would expect water to be 
much the more soluble of the two, with 
the result that carbon dioxide would 
have been driven off to form the bulk of 
the atmosphere. When the surface tem
perature cooled to the present value of 
about 700 degrees K., the silica would 
finally form a thin crust, but one so plas
tic that it would tend to prevent molten 
material from escaping to the surface. 
Most of the small amount of water ini
tially in the atmosphere eventually es
caped into space, but the major part of 
the planet's initial supply of water may 
remain trapped below the surface. The 
cooler earth, by comparison, has long 
had a thick, fractured crust through 
which molten material was able to es
cape to the surface. As the molten vol
canic effiuents cooled, essentially all 
their water and carbon dioxide entered 
the atmosphere; eventually most of the 
water condensed to form the oceans and 
the carbon dioxide became stored in 
carbonate rocks near the surface. 

O f what use is this intense effort to un-
derstand inhospitable environments 

on our neighboring planets, apart from 
man's urge to explore the unknown? I 
think it is clear that we gain a new 
understanding of our terrestrial environ
ment from these initial but highly in
formative measurements of other atmo
spheres. It has often been pointed out 
that biologists have only one planet as 

an example of the rules governing the 
origin and evolution of life, whereas the 
physical scientist has abundant evidence 
that his physics and chemistry are appli
cable in the most distant galaxies. Never
theless, the origin and evolution of a 
planetary atmosphere such as our own 
are so very complex and may be so finely 
tuned to small changes in temperature, 
pressure and chemical composition that 
the physical rules are not sufficient to 

bestow full understanding. We need ex
amples of other atmospheres to guide 
our thinking and to throw new light on 
our attempts to understand puzzling ter
restrial phenomena. It has also been sug
gested that the space techniques devel
oped for studying Mars and Venus could 
be used to answer important questions 
about the earth. For example, Bruce B. 
LUSignan of Stanford and several others 
have proposed that radio occultation ex-

DISCREPANCY IN VENERA 4 AND MARINER V DATA for atmospheric pressure can 

be resolved if the Russian craft's readings apply to the region between 50 and 25 kilome

ters rather than to the region between 25 kilometers and the surface, as the Russians reo 

ported. Venera 4's data began with a single altimeter reading indicating an altitude of 25 

kilometers. The final pressure reading, presumably at the surface, showed the pressure to 

be only about 20 times that on the earth, whereas Mariner V's data show the surface pres· 
sure to be about 100 times the earth's. I f  Venera 4's last reading was indeed at the surface, 

the radius of Venus would have to be some 25 kilometers greater tban determined previ. 

ously by radar measurements from the earth : 6,078 kilometers rather than 6,053 .  The text 

explains how simultaneous radio·range data for Mariner V and radar.range data for the 

distance to the surface of Venus confirmed the smaller value for the radius and support the 

hypothesis that Venera 4's last readings were actually made at an altitude of 25 kilometers. 

Venera 4's initial reading then agrees with Mariner V's value for the pressure at 50 kilometers. 
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periments be carried out by satellites in 
orbit around the earth to provide atmo
spheric measurements over inaccessible 
regions so as to serve as a powerful aid in 
weather prediction. 

In a more speculative vein, Venus 
poses an inh'iguing challenge for plane
tary engineering. If the thesis of Fricker 
and Reynolds is correct, one might be 
able to create oceans on Venus by find
ing a way to lower its temperature. Sa
gan has made an imaginative suggestion 
for achieving the cooling and at the same 
time producing atmospheric oxygen. He 
suggests that microorganisms be intro
duced into the cool high-level clouds, 
where they would break down the car
bon dioxide in two steps into carbon and 
oxygen. As oxygen replaced carbon di
oxide in the atmosphere the greenhouse 
effect would diminish, lowering the tem
perature to the point where Venus might 
eventually become suitable for human 
coloniza tion. 

The space probes to Mars and Venus 
have emphasized, I think, that biological 
processes themselves may play a more 
central role in the characteristics of plan
etary atmospheres than we have thought. 
James E. Lovelock and Charles E. Giffin 
of the' Jet PropulSion Laboratory have 
advanced the view that measuring 
atmospheric characteristics of Venus 
and Mars, including minor constituents, 
would actually be a powerful experiment 
for the detection of extraterrestrial life . If 
these planets support life of any kind, it 
should develop to the limit set by energy 
sources and raw materials, with the at
mosphere most likely acting as a medium 
for transferring the products of the life 
cycle. Lovelock and Giffin hold that this 
role would so modify the composition of 
the atmosphere that it would be recog
nizably different from a composition that 
had resulted simply from the distribution 
of available chemical compounds in the 
absence of life. 

A clearer view of the earth's ecosys
tem-the totality of living organisms and 
their manifold interactions with their en
vironment-could result from the pur
suit of such a thesis. For example, the 
amount of oxygen, nitrogen, carbon di
oxide, methane and nitrous oxide in the 
earth's atmosphere may be governed by 
life on the earth. The biological sources 
and sinks maintain a large and balanced 
flow of oxygen, carbon dioxide and ni
trogen into and out of the atmosphere. 
The abiological sources and sinks of 
these atmospheric constituents are weak
er than the biological ones by factors of 
10 to a million. 

In the absence of life on the earth the 

controlling . The abiological sinks for 
oxygen (oxidation of compounds on the 
earth's surface and oxidation of atmo
spheric nitrogen and methane) and the 
abiological sinks for nitrogen (incorpora
tion into stable nitrate compounds) are 
apparently stronger than the abiological 
sources, so that both the oxygen and the 
nitrogen in the atmosphere should slowly 
decrease to only trace levels. For car
bon dioxide the strengths of abiological 
sources and sinks appear to be approxi
mately equal, making it difficult to pre
dict the steady-state concentration. If 
the amount of carbon dioxide in the 
atmosphere slowly increased, a critical 
level might be reached where the en
hanced greenhouse effect would raise 
the temperature and drive more water 
vapor and carbon dioxide into the atmo
sphere ; this would further enhance the 
greenhouse effect and further raise the 
temperature .  This runaway greenhouse 
effect would end only when the earth 
resembled Venus in temperature and at
mospheric denSity .  If, on the other hand, 
the amount of carbon dioxide stabilized 
at a low level, the lifeless earth would 
have an atmosphere more like that of 
Mars. On this basis it can be argued that 
our first life-detection experiment has 
already been conducted. The tentative 
conclusion is that on Mars and Venus 
life is a bsen t. 

It would seem that our relative igno-
rance of the possible global effects 

of small changes in the composition and 
temperature of the earth's atmosphere 
should give us serious and immediate 
concern about man's use of the atmo
sphere as a garbage dump . In the past 
100 years the percentage of atmospheric 
carbon dioxide has increased 15 percent, 
primarily owing to man's burning of fos
sil fuels. This same activity now uses 15 
percent o f  the biological production of 
oxygen and in the future could become 
the major sink . Smog, jet contrails, de
forestation and pollution of the earth's 
waters may affect the constituents and 
temperature of the atmosphere by only 
minute amounts, yet they may nonethe
less have far-reaching consequences . Let 
us hope that continuing studies of the 
earth and its planetary neighbors will 
lead rapidly to a fuller understanding of 
planetary atmospheres in general. At the 
same time it behooves us to take strong 
steps to eliminate the known hmmful 
effects of man's activities and to mini
mize those effects that are not yet fully 
understood. Whatever else we may wish 
to know, we hardly wish to test whether 
a lifeless earth would become like Mars 

abiological sources and sinks would be or like Venus. 
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PLAGUE TOXIN WAS PURIFIED by continuous-flow electropho

resis, which separates the fractions of a protein mixture_ The path 

of the toxic protein mixture from plague bacilli is shown here by 
means of a dye marker (dark stripe)_ The mixture, fed into the ap

paratus through a tube, encounters a medium consisting of tiny 

glass beads packed between two sheets of plastic (light rectangular 
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area) _ This fractionating plate is connected at each side to elec

trodes_ When a voltage is applied, the mixture spreads across the 

beads because each protein fraction moves at a characteristic rate 

toward the anode or the cathode_ At the bottom of the apparatus 

the separated proteins enter individual tubes and are collected in 

bottles. The fractions are then tested to determine their toxicity. 
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PLAGUE TOXIN 

The bacillus that caused the "Black Death" manufactures a protein 

that is lethal to some animals and harmless to others. How does this 

substance exert its effect on the molecular machinery of the cell? 

by Solomon Kadis, Thomas C. Montie and Samuel J. Ajl 

P lague, the "Black Death" that once 
(1348-1350) killed a quarter of the 
people in Europe, is a remarkably 

virulent infection. In at least one epi
demic of modern times (Hong Kong, 
1899) 95 percent of those who were in
fected died. Fortunately major outbreaks 
of the disease have become increasingly 
rare. Plague is still, however, far from 
being a minor medical problem. In 1967, 
5,000 cases were reported in South Viet
nam, and there is always the pOSSibility 
that social and ecological conditions will 
be right for another major outbreak. 

Plague is caused by the bacillus Pas
teurella pestis, which is spread by Reas 
living on certain rodents. How does the 
bacillus cause the symptoms of the dis
ease and death? In our work at the 
Albert Einstein Medical Center in Phil
adelphia we have approached the ques
tion by isolating a toxin produced by the 
bacillus in infections of mice and rats 
(murine plague). This has enabled us to 
study the effects of the toxin at the level 
of the cell and its molecular machinery. 

Current interest in the role of toxin 
in plague was aroused by observations 
of medical workers in Madagascar (now 
the Malagasy Republic), where the dis
ease is endemic. Today plague can be 
successfully treated with antibiotics, pro
vided that they are administered within 
36 hours after the appearance of symp
toms. In some cases treated by the Mada
gascar workers antibiotics could only be 
given between 36 and 48 hours, and the 
patients died. When autopsies were per
formed on these patients, it was found 
that their blood and their organs were 
free of the bacillus. In other words, 
treatment with antibiotics had killed the 
bacilli, and the patients had apparently 
died from the effects of substances the 
bacilli had manufactured. 

When we began our work, it was 

known that the plague bacillus con
tained several substances capable of 
stimulating the production of antibodies 
in human beings and experimental ani
mals. vVe have focused our attention on 
one substance: the toxin known to cause 
death in mice and rats. This murine 
plague toxin is a protein contained with
in the bacterial cell. In order to learn 
how the toxin exerts its effects one must 
liberate the toxin from the cell and free 
it from the substances associated with it. 
If this is not done, of course, one can nev
er be sure that the effects are not partly 
or wholly due to some other substance. 

I n our initial attempts at purifying the 
toxin we dried bacteria with acetone 

and extracted crude toxin with salt solu
tion. vVe then subjected the extract to a 
series of distinct chemical procedures, 
each of which was designed to remove 
carbohydrates, nucleic acids, lipids or 
proteins other than the toxin. The final 
preparations were highly toxic to mice 
and lacking in any major class of chem
ical compounds other than protein. Still, 
the protein was not homogeneous, that 
is, one or more nontoxic proteins were 
associated with the toxin. 

We now turned to the technique of 
continuous-Row paper electrophoresis, a 
powerful means of resolving the frac
tions of a protein mixture. The appa
ratus consists of a filter-paper curtain 
suspended in an electrically conducting 
solution and connected to two elec
trodes. The protein mixture is fed con
tinuously to the filter paper by capillary 
attraction, and the serrated edges of the 
paper provide drip points for the col
lection of individual protein fractions. 
When an electric potential is applied 
across the paper, each protein moves 
toward either the anode or the cathode 
at a characteristic speed and is separated 

from the others. This happens because 
every protein is a unique chain of amino 
acids, each of which has one or more 
positive and negative charges (depend
ing on the acidity or alkalinity of the sol
vent system). A protein with a majority 
of negative charges will move toward 
the anode; one with a majority of posi
tive charges, toward the cathode. 

The murine plague toxin we obtained 
in this way is lethal for mice and rats in 
minute quantities. The LD50 (the dosage 
required to kill half of a randomly select
ed population) of this toxin administered 
intravenously to mice is .1 microgram 
of protein. Sensitive immunological tests 
revealed that these preparations were 
free of any components other than the 
toxin. Thus we had established that the 
toxin was in a highly purified state. Con
tinuous-Row paper electrophoresis, how
ever, is rather slow; many hours or even 
days are needed to fractionate large vol
umes of dilute protein solution. More
over, some protein is lost by adsorption 
on the paper. We therefore developEd 
a continuous-Row electrophoresis appa
ratus in which the paper was replaced by 
fine glass beads packed between two 
sheets of plastic [see illustration on O})
posite page]. This apparatus can rapidly 
fractionate large volumes of material 
with little loss to adsorption on the glass 
beads. Since we needed large quantities 
of toxin for our studies of toxin action, 
this procedure proved best for our pur
pose. In thIS way we secured tIle highly 
purified material we used in most of our 
studies. 

Although we had found the toxin pro
tein to be homogeneous by all known 
standards of protein purity, it was still 
possible that the toxin was composed of 
more than one species of protein. This 
was suggested by the fact that certain 
enzymes (for example lactic dehydrogen-
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ase) are actually systems consisting of 
two or more molecular forms. These 
forms differ somewhat in structure but 
perform the same enzymatic functions. 

It happens that we were also working 
with gel electrophoresis, a third electro
phoretic method that separates proteins 
into bands [see illustration on opposite 
page]. While we were testing this meth
od for locating toxin in crude fractions of 
plague bacilli, we observed that toxin 
activity was associated with more than 
one component of the partially purified 
material. The purest samples exhibited 
two protein bands, each of which was 
highly toxic when it was washed out of 
the gel and injected into mice. 

We designated these two proteins 
Toxin A and Toxin B. Both toxins may 
be located in the surface of the bacterial 
cell; Toxin A is the larger molecule of 
the two. It therefore appears that murine 

plague toxin consists of two distinct mo
lecular species, each exhibiting identical 
toxic activity. Further support for this 
hypothesis is provided by differences in 
the sensitivity of the two toxins to pro
tein reagents such as deoxycholate, digi
tonin, urea and various sulfhydryl com
pounds. 

We have estimated the molecular 
weight of Toxin A and Toxin B by pass
ing them through a "molecular sieve" of 
the polymer dextran. The rate at which 
the two toxins filtered through the sieve 
was compared with the rate for standard 
proteins of known molecular weight (a 
technique that is currently in wide use). 
On this basis we calculated that the mo
lecular weight of Toxin A and Toxin B 
was respectively 240,000 and 120,000. 
When we spun the two toxins at high 
speed in an ultracentrifuge, we found 
that the rates at which they settled in 

the ultracentrifuge cell were in general 
agreement with the results we had ob
tained by filtration. 

The two toxins, like other proteins, 
are composed of amino acids linked in 
chains by covalent bonds. Many large 
proteins, however, consist of two or more 
chains associated by bonds weaker than 
covalent ones. The fact that Toxin A is 
roughly twice as large as Toxin B sug
gests that Toxin A consists of two Toxin 
B units, and that both toxins are made 
up of smaller chains that closely resem
ble each other. If one assumes that each 
of these smaller chains contains one unit 
of the amino acid cysteine, their mini
mum molecular weight is about 12,000. 

An important difference between the 
two toxins, apart from their size, is that 
Toxin B contains 30 percent less of the 
amino acid tryptophan than Toxin A. 
Moreover, if one calculates the number 

PLAGUE BACILLI (Pasteurella pestis) are enlarged 7,500 diam· 

eters in this photomicrograph. The bacilli are stained pink with the 

Gram stain. The plague organism is transmitted from rodent to 
rodent (chiefly the blaek rat) and from rodent to man by the flea. 
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of tryptophan units in each chain with a 
molecular weight of 12,000, one finds 
that there are fewer tryptophans than 
cysteines. This suggests that certain re
peating subunits of Toxin B are defi
cient in tryptophan, and seems to argue 
against the view that the toxins are made 
up of the same subunits. 

We sought to test the subunit hypoth
esis by dissociating the toxins with 
chemical agents that would not break 
the covalent bonds between the amino 
acids in a chain but would disrupt the 
weaker bonds between the chains. Using 
sodium dodecyl sulfate, we succeeded in 
dissociating both toxins into subunits of 
the same size; the molecular weight of 
these units was between 12,000 and 
24,000. When the subunit material was 
injected into mice, its LD50 was 60 per
cent of the parent toxin. This confirmed 
the view that the toxins are built up 
from component chains of the same 
size. The difference in tryptophan con
tent probably reflects the presence or 
absence of a tryptophan in certain 
chains. 

It is difficult to understand why a bac
terial cell should manufacture two close
ly related substances with the same ap
parent biological effect. It may be that 
these toxins are pieces of protein that are 
released when the cell breaks down. 
Toxicity is a broad phenomenon, and 
undoubtedly a number of biological 
and biochemical processes are involved 
in it. 

We now turn to what we have learned 
about the mechanism of action of murine 
plague toxin. As we have mentioned, 
our chief aim was to study this mecha
nism at the molecular level. We had 
made progress in experiments conducted 
outside the living animal, but it was also 
desirable to examine the mechanism at a 
higher level-one closer to what might 
be expected to happen within the ani
mal. Experiments at such a level can still 
be conducted, however, outside the ani
mal. We undertook to find out how the 
toxin affects mitochondria, the tiny bod
ies within the cell that are the active 
sites of respiration in animal tissues. 

It is known that, whereas mice and 
rats are killed by small' amounts of 
murine plague toxin, other animals 
(including rabbits, dogs, monkeys and 
chimpanzees) are not. As we began our 
work on the action of the toxin, we made 
an observation that may do much to ex
plain the differences among species in 
susceptibility to biological poisons. We 
found an association between the toxin's 
ability to inhibit the respiration of mito
chondria isolated from certain species 

and the susceptibility of the living ani
mal. The toxin inhibits the respiration of 
mitochondria from the heart of the toxin
susceptible mouse and rat, and it has 
little or no effect on similar preparations 
from the toxin-resistant rabbit, dog, mon
key and chimpanzee. Bovine serum 
albumin, representing another protein, 
and lipopolysaccharide antigens from 
Escherichia coli do not interfere with 
mitochondrial respiration. Moreover, in
activating the toxin by heating, with 
chemical reagents or by altering it in any 
way that makes it nontoxic to rats and 
mice also inactivates its ability to inhibit 
mitochondrial respiration. We therefore 
put forward the hypothesis that the in
hibition of mitochondrial respiration un
derlies the effect of murine plague toxin 
in the living animal. 

To test this hypothesis we made other 
efforts to relate the effect on mitochon
dria with changes in the living animal. 
Since heart mitochondria from toxin
susceptible animals were affected, the 
hypothesis suggested that an early sign 
of toxin action might be detected by 
electrocardiography. Indeed, we found 
that there was a change in a specific seg
ment (the S-T segment) of the electro
cardiogram of a rat within 60 minutes 
after the injection of lethal or sublethal 
doses of the toxin and before the appear
ance of other symptoms in the animal. 
In rats surviving sublethal doses of the 
toxin the electrocardiographic changes 
were not evident after 24 to 48 hours or 
after the animal had recovered com
pletely. The specificity of the electrocar
diographic changes caused by murine 
plague toxin is given additional support 
by the fact that similar changes did not 
occur in rats dying from a variety of oth
er causes, including hemorrhagic shock, 
intoxication due to excess glucose in the 
bloodstream and toxin produced by the 
bacterium Escherichia coli. In addition 
the rabbit, which is not susceptible to 
murine plague toxin, shows no electro
cardiographic abnormalities when it is 
injected with large doses of the toxin. 

Two questions now arose. The first 
had to do with the site of inhibition of 
mitochondrial respiration by the toxin. 
The second concerned the differences 
in the structure of mitochondria isolated 
from different animal species that might 
explain the susceptibility of some ani
mals to the toxin and the resistance of 
other animals. It was conceivable that 
the inability of the toxin to inhibit the 
respiration of heart mitochondria iso
lated from the toxin-resistant rabbit was 
due to the exclusion of toxin by the outer 
membrane of the mitochondrion. If this 

TOXIN WAS SEPARATED into two molec· 

ular species with the same hiological effect. 

The two species (dark horizontal bands) 
were identified by a type of electrophoresis 

that employs a gel as a supporting medinm. 
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were the case, disrupting the membrane 
of the rabbit mitochondria would make 
them as susceptible to the toxin as rat 
mitochondria were. We therefore dis
rupted heart mitochondria from the 
rabbit with ultrasound or with deter
gents, which does not completely stop 
respiratory activity. When we added 
toxin, however, such activity decreased 
further. It thus seems that differences in 
the mitochondrial membrane may un
derlie differences in susceptibility to the 
toxin. 

� this stage in our investigations we 
were ready to seek the precise point 

in the metabolic machinery where the 
toxin inhibits mitochondrial respiration. 
Here it will be useful to briefly review 
how respiration proceeds in the mito
chondrion, that is, how the mitochon
drion generates, stores and transforms 
energy. 

The food living organisms eat pro
vides fuel in the form of sugars, fats and 
proteins; these substances in turn pro
vide the energy required for all the met
abolic activities of cells. In the mitochon
drion the fuel is oxidized step by step in 
a series of chemical reactions, each cata
lyzed by a specific enzyme. The main 
function of the oxidation reactions is 
the release of electrons, which serve as 

agents for the storage and transforma
tion of energy. The electrons are trans
ferred by enzymes through a series 
of cyclic oxidation-reduction reactions, 
each set in motion by the one preceding 
it. The initial electron carrier in this 
pathway is either succinate or DPNH 
(the reduced form of the coenzyme di
phosphopyridine nucleotide ). From this 
point electrons are passed along by a 
series of carriers until they are taken 
from the system by molecules of oxygen, 
the terminal electron acceptors. The car
riers include coenzyme Q, flavoproteins 
and the iron-containing proteins called 
cytochromes ; the major cytochromes are 
designated a, a3, b and c. Associated 
with the oxidation-reduction cycles of 
three such carriers (DPNH and cyto
chromes a and b) are reactions that do
nate energy in the form of electrons for 
the synthesis of adenosine triphosphate 
(ATP). Each molecule of ATP has en
ergy stored within it that is utilized by 
the cell as it is needed. 

Our studies show that murine plague 
toxin does not interfere with the reac
tions leading immediately to the synthe
sis of ATP; rather, the toxin inhibits 
mitochondrial respiration in the electron 
transport system per se. Now, cyto
chromes are among the chief compo
nents of the electron-transport system, 

and they must remain in reduced form 
in order to transfer electrons from 
DPNH or succinate to oxygen. Each cy
tochrome absorbs light at specific wave
lengths, and if one records an absorption 
spectrum of mitochondria in suspension 
and plots a graph of the light absorbed 
at various wavelengths, one observes 
definitive absorption peaks correspond
ing to each of the cytochrome compo
nents. Then if one adds a compound 
being investigated to such a mixture of 
enzymes and there is some change in the 
cytochrome absorption peaks, one gets 
a general indication of the compound's 
site of action. 

We made suspensions of mitochondria 
from rat heart and rat liver and incu
bated them with and without toxin. The 
absorption spectra showed that the ad
dition of toxin caused the oxidation of 
cytochromes a, a3, band c. This indi
cated that the toxin exerts its inhibitory 
effect on the electron-transport system at 
a point before the reaction catalyzed by 
cytochrome b, that is, between DPNH 
or succinate and cytochrome b [see up
per illustration on page 100]. 

To locate the site of action of the toxin 
in the electron-transport system, we un
dertook to determine the effect of the 
toxin on the activity of those enzymes 
known to operate between DPNH or 

MITOCHONDRIA, the respiratory organelles of animal tissue, are 

apparently the site of plague-toxin action. At left is an idealized 
drawing of a section of heart muscle cells. At right is a detailed 

drawing showing the pattern of the mitochondrial membranes. 
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succinate and cytochrome h. One such 
enzyme, the flavoprotein DPNH dehy
drogenase, removes hydrogen atoms or 
their equivalent electrons from DPNH 
and transfers them to a flavoprotein car
rier. We examined the activity of DPNH 
dehydrogenase in suspensions of mito
chondria from rat heart and rat liver, in
cubated with toxin and without; we 
found that the activity of the enzyme 
was identical in both cases. It seemed 
as though the toxin were acting not on 
individual enzymes but on complexes of 
two or more respiratory carriers. 

\iVe therefore obtained four such 
complexes in highly purified form. Their 
role in the electron-transport system is as 
follows: When electrons are donated by 
DPNH, they are transferred by Complex 
I; when they are donated by succinate, 
they are transferred by Complex II. In 
either case the electrons are carried to 
Complex III by coenzyme Q. This re
sults in the oxidation of DPNH or suc
cinate and in the reduction of coenzyme 
Q. From Complex III the electrons are 
passed by cytochrome c to Complex IV, 
so that cytochrome c is reduced and co
enzyme Q is reoxidized. Complex IV 
catalyzes the oxidation of reduced cyto
chrome c by molecular oxygen. 

vVhen we tested the effect of murine 
plague toxin on these complexes, we 
found that the complex predominantly 
inhibited is Complex I. The term "com
plex" here denotes a unit consisting of 
several components, each with one or 
more functions. Complex I is composed 
of DPNH dehydrogenase flavoprotein, 
coenzyme Q and nonheme iron (iron not 
contained in the four-sided heme ring). 
\Ne considered the possibility that toxin 
interferes with the enzymatic activity of 
Complex I by blocking certain of its in
dividual component functions. vVe 
found, however, that the addition of 
toxin to Complex I had no effect on its 
DPNH dehydrogenase activity (which 
confirmed the results of our similar ex
periments with mitochondrial suspen
sions). By the same token neither co
enzyme Q nor nonheme iron seemed to 
be affected by the presence of the toxin. 
It therefore appeared that the toxin was 
acting not on any one component of 
Complex J but on the overall architec
ture of the complex. 

It is known that Complex I is a con
stituent of the convoluted inner mem
brane of the mitochondrion, and that 
another constituent of the membrane is 
a nonenzymatic protein. We wondered if 
this protein was somehow affected by 
the toxin. We found that the protein 
and the toxin do interact; when they are 

If Hi-Efficiency 
Low-Reflection coatings 

work so well 
on aircraft instruments, 

why can't they work 
on other things, too? 

They can. SLR and H ELR vacuum
deposited coatings by Liberty Mirror 
may be used to increase the light 
transmission of any optical system 
including photographic lenses. They 
are more expensive than magnesium 
fluoride coatings that are now being 
used, but are twice as efficient in 
light transmission. They are now 
being used on aircraft instruments to 
eliminate reflections. 

Vacuum-deposited coatings of 

aluminum, chrome and gold have 
many uses such as front-surface 
mirrors, neutral filters, transparent 
mirrors, H i-Efficiency beam-splitting 
dichroic mirrors and filters. Metallic 

and transparent electrically con-

ductive coatings are available for 
resistance heating, I R reflecting and 
RF shielding applications. 

Applied to glass, optical parts, 
metal, epoxy or plastic, the coatings 
are used in such varied products as 
scientific and optical instruments, 
lasers, computers, outer-space 
vehicles and missiles. Technical data 
sheets and prices available on all 
coatings. Liberty Mirror, Bracken
ridge, Pennsylvania 15014. 

_ �:::6: 
-

A DIVISION OF 
LIBBEY·OWENS·FORD COMPANY 
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mixed together, the toxin loses much of 
its toxicity. We are currently trying to 
find out if the protein and the toxin form 
a complex that can be isolated. If such 
a complex could be isolated, one might 
be able to identify the types of chemical 
bonds involved in its formation. 

An il!teresting feature of the mito
chondrion is that it can take in water and 
swell up, and also expel water and con
tract. These processes require respira
tory energy. Many agents can induce 
mitochondrial swelling; they range from 
simple metal ions to complex compounds 
involved in the regulation of biological 
functions in normal and in pathological 
states. These substances fall into several 
categories depending on how they pro
mote swelling. One type of swelling, 
known as electron-transport-dependent 
swelling, is believed to result from an 
increase in the permeability of the mito
chondrial membrane. 

We have mentioned that murine 
plague toxin does not inhibit the res
piration of heart mitochondria obtained 
from rabbits. Since it seems likely that 

the outer membrane of rabbit heart mito
chondria can exclude the toxin, we may 
have here a permeability phenomenon. 
\Ve now wanted to find out if the toxin 
could induce mitochondrial swelling and 
if there was a relation between the abil
ity of the toxin to inhibit mitochondrial 
respiration and any effect it might have 
on swelling. When we incubated rat 
heart mitochondria in an appropriate 
medium without toxin, we observed a 
small but consistent amount of sponta
neous swelling. We then added toxin, 
and the amount of swelling increased 
considerably. The toxin did not, how
ever, cause swelling in rabbit heart mito
chondria. 

We investigated the mechanism of 
toxin-induced swelling by adding to the 
mitochondria various substances that in
hibit the respiratory transport of elec
trons. Each of the compounds we tested 
(namely cyanide, azide and 2,4-dinitro
phenol) prevented the swelling of rat 
heart mitochondria. This indicated that 
toxin-induced swelling is related to elec
tron-transport-dependent swelling. 

Substances other than water can pen
etrate mitochondria and accumulate in
side them. Such substances, which play 
a role in the activities of the mito
chondrion, include potassium, calcium, 
magnesium and manganese. Calcium, 
magnesium and manganese enter the 
mitochondrion as divalent ions (Ca + + , 
Mg + + and Mn + + ) and are accompanied 
by inorganic phosphate ions. This proc
ess requires energy contributed by a 
high-energy intermediate similar to the 
intermediates that lead to the synthesis 
of ATP. 

O ther investigators have suggested that 
changes in the structural integrity 

of mitochondria may influence their abil
ity to retain accumulated ions. During 
the swelling process some of the struc
tural components of the mitochondria 
are altered. We accordingly undertook 
to determine what effect the toxin had 
on the accumulation of ions by mito
chondria, and to relate this effect to the 
ability of the toxin to induce mitochon
drial swelling. We reasoned that such 

ELECTROCARD IOGRAPHIC TRACINGS were recorded from a 

normal rat (top) and a rat that had received an injection of plague 

toxin (bottom). The trace at bottom, indicating an abnormal heart 

condition, is only exhibited by animals susceptible to the toxin. 
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Surveyor 7 panoramic view of moon landscape. Photo courtesy of NASA. 

Reach for the moon ... but don't let go of the tail. 
Our country has been described as 
having the world by the tail but about 
to let go of it to reach out for the moon. 
The description had better be wrong ... 
for while putting a man on the moon is 
certainly important, there are matters 
on earth just as vital to our national 
security. Like putting more American 
ships on the sea. 

Right now we are relying on foreign 
ships to carry nearly 95 % of our im
ports and exports. That's a risky degree 
of dependence, because of 77 strategic 
materials needed, we must import 66. 

Worse, only 20% of our present mer
chant fleet is under 10 years old, while 
80% is nearer 25. Meanwhile other 
nations are building more new ships 
than we are. Russia is taking delivery of 
eight ships to our one. She's outbuilding 
us in tonnage, too. So are thirteen other 
nations. 
Unless we build more ships in U.S. 
yards, there's no guarantee we can get 
either ships or shipping when we might 
need them even more than now. 
One of Tod d's contributions to a 
stronger merchant marine was the crea-

tion last year of the Marine Technology 
Department to advance the technology 
of ship design and construction and to 
serve the growing oceanographic field. 
Executive offices: One Broadway, New 
York, New York 10004. 

TODD 
SHIPYARDS CORPORATION 
SHIPYARDS: Brooklyn . New Orleans · Galveston 
Houston .. Los Angeles . San Francisco .. Seattle 
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ELECTRON·TRANSPORT SYSTEM provides energy for reactions 

that synthesize adenosine triphosphate (ATP), the universal fuel of 

cellular reactions. From DPNH (the reduced form of diphosphopyr. 

idine nucleotide) or from succinate, electrons pass to the flavo· 

proteins (FP1 and FP2), coenzyme Q (CoQ) and the cytochromes 

(b, c1' c, a, (3). Oxygen molecules take electrons from the system. 

ATP 

J 
ATP ATP 

COMPLEX I J J B� 
�B� 

b 

�[J� COMPLEX III COMPLEX IV --702 

c, a, a3 

SUCCINATE --7 COMPLEX II 

FOUR COMPLEXES within the mitochondrion represent seg· 

ments of the electron transfer system. Each complex includes elec· 

tron carriers and other substances with interrelated catalytic ac· 

tivities. Plague toxin primarily inhibits the activity of Complex I. 

knowledge would provide deeper under
standing of how the toxin influences the 
physiology of the heart in susceptible 
animals. 

When a suspension of rat heart mito
chondria is incubated in an appropriate 
medium containing calcium and inor
ganic phosphate ions together with an 
intermediate of the respiratory cycle to 
supply energy, a considerable quantity 
of calcium and inorganic phosphate ions 
is taken up by the mitochondria. This 
process was inhibited by the addition of 
murine plague toxin. The relation be
tween the ability of the toxin to inhibit 
mitochondrial ion uptake and its ability 
to induce mitochondrial swelling we ex
amined by incubating toxin-treated rat 
heart mitochondria with the reagent eth
ylenediaminetetraacetic acid (EDT A) . 
The EDTA was added at a concentration 
known to prevent swelling without in
hibiting ion uptake, and it prevented 
the inhibitory effect of the toxin on the 
accumulation of calcium and inorgan
ic phosphate ions by the mitochondria. 
This suggested that the EDT A, by pre-
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venting the toxin-induced swelling, al
lowed the mitochondria to retain the 
accumulated ions. In other words, it ap
pears that the toxin inhibits the uptake 
of ions by inducing the mitochondrion 
to swell. 

It would clearly be interesting to 
know how Pasteurella pestis makes this 
potent toxin. We have only begun to in
vestigate this question, but we have 
some promising leads. In addition to 
manufacturing toxin the P. pestis cell 
must obviously synthesize many other 
proteins in order to carry out its various 
functions. We have employed a number 
of metabolic inhibitors in the attempt to 
separate toxin synthesis from total pro
tein synthesis. We have found that ana
logues of the amino acid tryptophan, 
which compete with the amino acid in 
protein synthesis, are most effective for 
this purpose. When we incubated vari
ous tryptophan analogues with P. pestis 
cells, nonspecific proteins continued to 
be formed but toxin synthesis was essen
tially stopped. These findings suggest 
that the concentration of tryptophan in 

the cell may regulate the rate of toxin 
synthesis . In other words, the amount of 
tryptophan in a given protein may de
termine the extent to which it is synthe
sized. 

To sum up, we and our colleagues have 
learned the following from our iso

lation of the murine plague toxin and our 
experimental work with it. The toxin 
consists of two proteins, each with the 
same biological effects. Our current 
opinion is that the potency of the toxin 
results from its action on mitochondrial 
membranes that manifests itself as a dis
ruption of the normal functioning of the 
respiratory chain. One specific effect of 
the toxin is the inhibition of ion uptake 
by the mitochondria of heart cells, which 
could lead to abnormal heart conditions 
and death. Much remains to be learned 
about all these things, but one may hope 
that such findings, together with knowl
edge of how Pasteurella pestis synthe
sizes toxin, will lead to improved mea
sures for the control of plague in human 
populations. 
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There is a nine-thousand-foot 
mountain in this picture. 

Some 270 miles off the 

Washington coast, in waters 
nearly 9000 feet deep, a huge 

undersea mountain rises to a 
broad, plateau-like pinnacle just 

135 feet beneath the surface. Close 
enough to be accessible, yet far 
enough to be beyond the influence 
of the continental shelf, Cobb 
Seamount offers unique potential 
for the scientific exploration of 
the deep ocean environment. 

To exploit this potential, the State of 
Washington has organized the Sea 
Use Program. Uniting scientists and 
technicians from many disciplines, 
Sea Use is a combined effort 
of the State and the research 
components of a number of public 
institutions and private corporations. 

Following preliminary research, 
Sea Use calls for the erection of 
a permanent tower. This tower will 
be instrumented both above and 
below the water with devices capable 
of precisely measuring sea currents, 
salinity, temperature, evaporation 
rates and wind velocity. Because of 
the tower's stable base and distance 
from land mass interference, these 
basic but very vital readings are 
expected to be significantly more 
accurate than any to date. 

The next phase of Sea Use is the 
installation of an underwater habitat. 

Engineers at the University of 
Washington are presently studying 
the feasibility of a two-room dwelling. 
One room would be kept at surface 
pressure for technicians and their 
equipment. The other chamber 
would be at ambient pressure 
(a compressed helium and oxygen 
atmosphere) for the divers. 

Operating from this base, the divers 
could fully investigate the plateau 
itself, and gradually explore their way 
down the slopes of the mount to a 
depth of some three hundred feet. 
(Scientists at the Virginia Mason 
Research Center in Seattle are 
developing a new oxygen-medication 
mixture that promises to triple the 
length of time an aquanaut can work 
under water.) 

Beyond the free diving level, the 
aquanauts will work from diving 
chambers. Present technology will 
limit this phase of the exploration at 
approximately 1100 feet. From there 
on down, exploration will be con
ducted from research submarines 

such as the Deepstar 2000, which is 
sched uled to make its first visit to 
Cobb Seamount this summer. 

As the name implies, the ultimate 
aim of the Sea Use Program is 
economic. But man must first unlock 
the scientific secrets of the oceans 
before he can open the door to their 
utilization. The underwater 
exploration of this 9000-foot 
mountain could well provide the key. 

The State of Washington is a 
fertile field for the exciting break
through industries of the future. 
In oceanography, aerospace, 
nuclear energy, agriculture, 
fisheries and many other areas, 
the smart money is betting on the 
State of Washington. 

STATE OF WASHINGTON 

. 
t f C merce and Economic Development. Olympia. Washington 98501 For business location information. write: Daniel B. Ward. Director. [)epartmen 0 om 
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a measure of progress 

How to bridge the whole computational gap 
Depending on the volume and com
plexity of your mathematical problems, 
you might need machine help that runs 
the g a m u t  from a small desk c a lc u 
l ator to a time-shared computer wit h  
1 6  terminals running simultaneously. 
Hewlett-P ackard feels fort u nate t h a t  
n o w  we c a n  offer y o u  j ust s u c h  a range 
of computing power. 

Our 9100A Computing Calculator, at 
$ 4900, is a desk model designed for 
ease and simplicity of operation, start
ing with the keyboard . Yet you can 
perform all the common math, algebra 
and trig functions on it without learn
ing any s p e c ial c o m p u t e r  language. 
You simpl y press the log key,  the sin 
key, the v- key and so on to call these 
functions out of memory. Using differ
ent l evels of memory, you can build 
routines to solve rather sophisticated 
problems, such as computing the at
tenuation characteristics of electronic 
filters with hyperbolic functions. And 
on one wallet-size memory c ard , you 
can store two 196-step routines for 
future use. 

For applic at i o n s  requiring g r e a t e r  
power a n d  flexibility, H P  offers a fam
ily of three computers so you can buy 
the  c o m pu t e r  m o s t  s u it e d  t o  y o u r  
needs. All o f  them c a n  handle three 
h igh-level computer languages-FOR
TRAN, ALGOL and Conversational 
BASIC. The latter is so close to English 
you can learn it in three to four hours.  
The smallest computer, the HP 2114A, 
costs $9950. You can get it with 8000 
words of memory and a telepri nter for 
$ 15,950. You also get 16-bit words,  2.0 
microsecond memory s p e e d ,  a n d  8 
channels of input! output capability. 

But  if you h ave a number of people 
who need to use a computer at the  
same time, then for  $89,5 00 you can 
get the HP 2000A Time-Shared BASIC 
System. I t  can handle up to 16 Teletype 
terminals at once, with each user think
ing h e  h as the computer to h imself. I n  
this system w e  use our largest com
pu t e r, t h e  HP 2116B, w i t h  16, 000 
words of core memory and a disc mem
ory with 348,000 words of storage. The 
same sim p l e  Conversat ional B A S I C  
language is used, b u t  h e r e  we h ave in
cluded additional safeguards. The sys
tem checks each input statement for 
format and syntax as it is entered. Ad
ditionally, the computer echoes the in
s t r u c t io n  b ac k  to t h e  originator.  I f  
there's a transmission error, the origi
nator knows immediately. With these 
features, 16 persons can h ave simulta
neous  error-safe c o m p u t e r  power to 
solve 16 problems at  once. 

For additional information on any one 
or all of the Hewlett-Packard solutions 
to computing prob lems, write for the  
9100A C a l c u lator b r o c h u re ,  a more 
complete discussion of Hewlett-Pack
ard small computers, or a brochu re on 
HP time-shared computer systems. 
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Doubling the value 
of an analytical GC 
I f  you owned a G as Chromatograph , 
you'd h ave one of the fastest,  m ost ac
curate and economical i nstruments ever 
m ade for chemical  analys is .  J t 's a w h i z  
at separat i ng a n d  meas ur i ng t h e  chem
ical  com ponents of most any s ubstance.  
Yet i t s  tech niq ues of vaporiz ing ,  sepa
rat i ng and detect ing can a lso be used 
for c o l l e c t i n g  very pure s a m p l e s  of  
many chemicals .  Because of the h i ghly 
efficient resol v ing  power of GC,  purity 
of col lected fract i ons can be as h i gh 
as 9 9 . 9 % . 

Up to now the analytical  job and the 
c ol lect i ng, or preparat ive,  job were gen
e r a l l y  d o n e  b y  s e p a r a t e  c h r o m at o 
graphs,  each most efficient. a t  i l s  own 
task.  That is ,  unti l  Hewlett-Packard 
devel oped a rel i able ,  l ow-cost extension 
for the anal yt ical G C  i nstrument that 
makes i t  a very efficient col lector of  
small  samples - w i thout i nterfer ing in  
the l east w i t h  i ts  analytical  role .  S i nce 
H e w l e t t - P ackard m a n u fact u res b o t h  
analyt ical a n d  preparat ive chromato
graphs ,  it was just  a matter of t i me unt i l  
a u n i t  was  designed to give both func
tions to  t h e  anal ytical GC. 

The H P  579 5 A  Automat ic  Preparative 
Attachment i ntroduces mechanical s i m 
p l i c ity a n d  advanced electronic c i rcu i ts  
to e l i m i nate any uncerta i nty or u nre-

n .
. . 

�l l "l . I 
� 

l i ab i l i ty.  A program med Control Unit  
perm i ts cont i nuous,  unattended opera
t ion overn ight  or dur ing weekends. I t  
w i l l  d i rect t h e  col lect ion of any s i x  
fract ions from up to  twenty poss ib le  
components i n  the ori g i n al .  

The I nject ion U n i t  feeds sl ugs o f  the 
bulk sample i nto your G C  wi th  m i 
crometer accuracy. T h e  Col lect ion Unit  
d i s tr ibutes the vapor fract ions from the 
G C  to  the proper trap over and over 
agai n ,  u nt i l  the req u i red amount  has 
been col lected.  I n one test with rec t i fied 
t u rpentine,  the  i nstrument cycled auto
mat ical l y  5 3  t i mes dur ing an I S -hour 
run.  The al pha and beta p i nene col 
lected were calcu lated to he 9 9 . 9 5 %  
a n d  9 9 . 9 2 %  pure.  

The cost of extend i ng your present GC 
w i th the HP 579 5 A  i s  $ 2 500.  For more 
detai ls ,  ask for Bul l et i n  579 5 . 

Solid-state light bulbs 
If you want a l ight that won't blow out 
or a display that won't fai l ,  you start 
t h i nking about devices with no parts to 
rattl e .  That i mmediately el i m i nates in
c a ndescent b u l b s  with fil aments and 
even gl ass glow l amps filled with gas . 
Next, you consider solids or electro
l u m i nescent powders that glow when 
el ectric current i s  appl ied.  

One such device Hewlett-Packard has 
some experience with is . the gal l i u m  
arsenide d iode. But i t  glows in  t h e  in
frared range, i nvisible to the eye. Used 
with  a s i l icon detec
tor it works very well 
i n  t a p e  r e a d e r s  or 
e n c od e rs .  S t i  1 1 ,  w e  
wanted a vis ible  l i ght  
source - so our en
gi neers developed a 
d i ode us ing gal l ium 
arsen i d e  p h o s p h i d e .  
A s m a l l  c h i p  2 1  m i l s  
by 21 mi ls  glows brightly with a soft 
red l i ght vis ible for several yards.  And 
it's almost i ndestructible.  Put a diode 
beside each circu i t  on a plug-in card , 
and years from now if the c i rcuit goes 
bad, the diode wi l l  glow to i ndicate 
the fai lure. 

Better yet,  l i ne some chips up i n  a 
matrix five by seven on a s ide,  add a 
tiny i ntegrated c i rcuit driver for l ogic 
control , and you have a device that wi l l  
flash numbers ( shown above, enlarged ) 
from 0 to 9. A somewhat more sophi s 
t i c ated i ntegrated l o g i c  c i r c u i t  c o u l d  
handle letters of t h e  alphabet, a s  wel l .  
The whole assembly mounted on a sub
strate measures only a half-i nch wide,  
one i nch high and less than two tenths 
of an i nch thick. And an entire d isplay 
needs only five volts to drive i t .  

Th i s  Hewlett-Packard solid-state read
out device is  ideal for counters , volt
meters or any d isplay that must h ave 
high rel i ab i l ity and be i nsensitive to 
shock and vibration. But cons idering 
its  smal l s ize,  l ow voltage drive and in
herent l ong l i fe ,  i t  may become the 
economical choice for any smal l i nd i 
cator. I f  y o u  w o u l d  l i ke more informa
tion for your own applicat ions, write 
for our Sol i d-State Display pamphlet.  

Bedside sentries 
Suppose you were i n  a hospital recov
ering from major surgery or a heart 
attack.  You wake up - and find your
self surrounded by electronic  i nstru
ments, w i th w i res of all  sorts lead ing  
from them to you . It could  be frighten
ing.  You could feel far worse than you 
are . A nd your fam i l y  m i gh t  t h i n k  
you've t aken a turn for t h e  worse. Not 
so, and here's why. 

An electronic patient monitoring sys
tem is  measuri ng, transmitt ing, d isp lay
i ng and record i n g  h e art rate, b l ood 
pressure, temperature, and respi ration . 
Second-by-second it forms a cont inu
ous  communications l i n k  between your 
b ody's vital  functions and the medical 
staff. Even so, it  could stil l  scare you . 

But one day a nurse who knows us well 
suggested another way Hewlett-Packard 
might help hospitals and their pat ients .  
We're old h ands at bui lding and in
s t al l i ng monitor i ng systems for hos
pitals .  Why couldn't we publish a book
let tel l i ng people how these systems 
work? A booklet to allay the fears of 
patient and fami l y  al ike .  We d i d .  If  
you'd l i ke,  write for a copy. 

He w lett-Packard. 1 508 Page Mill Rd. ,  
Palo A lto, California 94304; Europe: 
1 2 1 7  Meyrin -Geneva, Switzerland. 

HE WLETTWW PACKARD 

Measurement, Analysis and Computation 
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THE FIRST ELECTRON TUBE 

In 1904 John Ambrose Fleming wrote Guglielmo Marconi: "I have been 

receiving signals on an aerial with nothing but a mirror galvanometer 

and my device." The device was the original thermionic vacuum diode 

In October, 1904, John Ambrose Flem
ing, a British electrical engineer, 
demonstrated that a high-frequency 

alternating current could be rectified, or 
converted to direct current, by what 
looked like a dimly glowing incandescent 
lamp in which a flat metal plate was 
supported between the legs of a carbon 
filament in the form of a single loop. In 
his master patent, filed the next month, 
Fleming disclosed how his primitive vac
uum tube could be used as a Signal de
tector in a wireless telegraph receiver 
circuit. Since his tube acted like a water 
valve allowing flow in one direction only, 
Fleming called it an "oscillation valve." 
In describing it to Guglielmo Marconi, 
in his capacity as technical adviser to 
Marconi's Wireless Telegraph Company, 
Fleming wrote: "This opens up a wide 
field for work. . . .  I have not mentioned 
this to anyone yet as it may become very 
useful." Contrary to some accounts, 
Fleming did not casually make use of an 
effect first observed 24 years earlier by 
Thomas Alva Edison; by virtue of many 
careful experiments extending over two 
decades Fleming earned the right to be 
regarded as the inventor of the original 
electron tube. 

Electric lamps with glowing filaments 
were developed independently by Jo
seph W. Swan in Britain and Edison in 
America at the close of the 1870's. Swan 
had been on the track of an incandes
cent-filament lamp for more than 30 
years. His precocious American rival was 
only 32 years old when he demonstrated 
his version of the incandescent lamp. 

Two important defects of the new 
electric lamp soon became apparent: 
the filaments broke and dark deposits 
formed on the inside of the bulb. Edison 
was particularly troubled by these de
fects because a reliable lamp with a rea
sonable lifetime was an essential ele
ment in his new electric lighting system. 
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He quickly assumed that the deposit 
resulted from molecular bombardment. 
Believing that electrically charged par
ticles of carbon were being ejected from 
the filament, Edison decided to probe 
the bulb with a piece of wire to find out 
if it was possible to prevent "electric car
rying," as he called it, and thus preserve 
the clarity of the glass. The deflection of 
a galvanometer needle when a galva
nometer was placed in a circuit between 
the wire probe and the positive lead of 
the glowing filament proved the truth of 
his notion. This flow of current through 
a vacuum-the "Edison effect"-conh'ib
uted nothing, however, toward helping 
Edison improve his lamp. 

This classic experiment was per
formed during the infancy of the incan
descent lamp. It is recorded as Experi
ment No. 1 and is dated February 13, 
1880, in an early Edison notebook [see 
illustration on page 108]. Nothing more 
was done in the ensuing months, prob
ably because the inventor's time and en
ergy were fully devoted to the creation 
of his revolutionary power and lighting 
system. 

Edison returned to the lamp problem 
in the summer of 1882. An entry in one 
of his notebooks, dated July 5, shows a 
wire electl'ode inserted through the top 
of the bulb. Again the experiment gave 
way to more urgent work. Early in 1883 
Edison, pondering the strange currents 
within his lamps, went back to the prob
lem and began another series of experi
ments. A sketch of a new kind of lamp, 
one with a flat plate between the legs of 
the filament loop, appears in a notebook 
entry for March 8. Another entry for 
March 10 illustrates a similar lamp with 
a list of metals to be tried as the cold 
elech·ode. 

Edison found that the bulb current 
varied according to the- temperature of 
the filament; it was therefore related 

to the voltage of the filament supply. 
Ignorant of the true nature of the phe
nomenon he had uncovered but eager to 
apply it, he conceived the idea of using 
the novel lamp as a voltage indicator. 
A working model was built in the sum
mer of 1883 and was demonstrated in 
1884 at an electrical exhibition in Phila
delphia (the first such exhibition in 
America). A patent was granted to Edi
son for this "electrical indicator" in Oc
tober of that year. Although the patent 
was of no commercial value, it is historic: 
it is the first patent in electronics. 

Edison's special lamp and its peculiar 
behavior naturally attracted atten

tion at the Philadelphia exhibition. The 
phenomenon was the subject of a note 
by Edwin J. Houston in the first issue of 
the Transactions of the American Insti
tute of Electrical Engineers, organized 
in the same year. One may reflect that if 
a simple experiment had been tried by 
any one of several able men who attend
ed the exhibition, a practical system of 
wireless telegraphy utilizing an electron 
tube could have been demonstrated four 
years before Heinrich Hertz proved the 
existence of electromagnetic waves. 

The experiment was not done, even 
though the means and the experimen
tal skills were available. Elihu Thomson 
had conducted experiments with electro
magnetic wave phenomena as early as 
1871 (experiments in which Houston 
played a part) and again in 1875. Edison 
had toyed with "etheric forces" that year, 
and his experiments were followed by 
those of Silvanus P. Thompson in 1876 
and of David E. Hughes in 1879. Even 
then a detecting device was a major 
need. In most such experiments sparks 
occurring at some distance from a source 
were taken as evidence of an etheric dis
turbance. It remained for Hertz to de
sign a detector consisting of a large loop 
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FLEMING AND HIS "OSCILLATION VALVE" were photo· 

graphed in 1923,19 years after he had discovered that his primitive 

electronic device could be used to rectify a hi gh.frequency al· 

ternating electric current, thus making it suitable as a detector of 

wireless telegraph signals. His invention of the oscillation valve, 

better known today as a thermionic vacuum diode, marked the be· 

ginning of the age of electronics. At the time this photograph was 

made Fleming was 74 years old. He died in 1945 at the age of 96. 
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with a spark gap. and its sparking re
moved all doubt that electromagnetic 
radiation had traveled through space. 
Nonetheless, the rudimentary facts of 
generating, dispersing and detecting 
etheric radiations were known to many 
at the Philadelphia exhibition of 1884. 
They were not put to practical use until 
1896, when Marconi demonstrated his 
wireless telegraph. The Edison effect re
mained a laboratory curiosity for another 
20 years. 

The How of ideas in electrical science 
was usually from Europe to the U.S. In 
the case of the embryoniC electron tube, 
however, the sequence of events was re
versed. The tiny currents in the evac
uated space of the carbon-filament lamp, 
ultimately ignored by Edison and his 
compatriots, became the ward of a Brit
ish electrical engineer and educator. 

Jolm Ambrose Fleming was born in 
Lancaster in November, 1849. He be

gan to prepare for a career in electrical 
engineering when he entered the Uni
versity College School in London at the 
age of 14. He continued his studies for 
several years, occaSionally taking time 
out for commercial work, and started 

EDISON. • 

� , 
SWANe 

¢ 
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teaching in 1871. After holding several 
posts as a teacher of science, Fleming 
entered the University of Cambridge 
at the age of 28, where he divided his 
time between his studies and laboratory 
work under the guidance of James Clerk 
Maxwell. 

Both Edison and Swan formed com
panies in Britain to develop their elec
tric lamps; eventually they consolidal
ed their interests. Fleming became a 
consultant to the Edison Electric Light 
Company in 1882 and was soon involved 
in problems of the incandescent lamp. 
His first paper on the subject of "molecu
lar radiation" was read to the Physical 
SOciety in May, 1883. He described how 
volatilization of the carbon filament and 
of copper from the lead-in clamp pro
duced the dark deposits seen inside the 
bulb. He identified a narrow line free 
from deposit as a "shadow" of the loop, 
and he concluded, as Edison had, that 
some kind of molecular emission was go
ing on inside the bulb. 

Fleming reported similar observations 
in a second paper, also to the Physical 
Society, in June, 1885. Since ordinary 
lamps were used there is no mention of 
internal currents in these papers, nor is 

there any reference to the most impor
tant clue: the polarity of the leads. This 
omission seems surprising, but it can be 
partly explained by the fact that Flem
ing was examining used lamps and was 
not working with glowing lamps in a 
laboratory circuit. 

vViIliam Henry Preece, then chief 
electrician of the British Post Office, vis
ited the Philadelphia exhibition of 1884. 
He obtained some sample lamps from 
Edison and began to experiment with 
them soon after returning to Britain. 
Preece announced his results in a paper 
read to the Royal Society of London 
early in 1885. He repeated several 
of Edison's experiments, including onc 
with a side extension set at right angles 
to the bulb, and he also tried the shield
ing effect of a piece of mica over the col
lector plate. Preece generally confirmed 
the results obtained by Edison, and it 
was he who named the basic phenome
non the Edison effect. He also remarked 
on a "blue glow" that appeared in the 
lamps at a critical temperature, which 
was of course directly related to voltage. 

Meanwhile independent investiga
tions were being conducted in Germany, 
in a continuing line of research that had 

• , --- - - - - --- - - - -- -, 
1 1 
I I 
I 1 I I 
1 I 

PREECE e----------------I 

t ! 
I 
1 

FLEMING • • ---- ---------..-- ---------------------- ---• .- ---------------- ---------

� � i�t 

1879 1880 

1 
HITTORF.--------------------I 

-er- j 
I 

GOLDSTEIN·----------------I 

V ! 
I 
I 

ELSTER AND GEITELe -- _ __ _ _ ...J 

� 
1885 1890 

CHRONOLOGY OF INVENTION from 1879 to 1907 traces the line 

of work that led from the incandescent lamp of Thomas Alva Edison 

and Joseph W. Swan to Fleming's oscillation valve. Prior investiga

tions into "thermionic emission" by Edison in the U.S., William 

Henry Preeee and FLeming in Britain, and Wilhelm Hittorf, Eugen 

Goldstein, Julius ELster and Hans Geitel in Germany were united 

ill Fleming's experiments of 1889. A tube made by Fleming in 1889, 

whieh was YirtuaJly the same as one devised by Edison in 1883, was 
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begun in the late 1860's. Wilhelm Hit
torf had employed vacuum tubes with 
cold electrodes in his pioneer studies of 
gaseous conduction. In 1884 he experi
mented with platinum electrodes and 
found that the resistance of the evacu
ated space was reduced when the nega
tive electrode was heated. Hittorf also 
observed unilateral conductivity, and he 
noted that the conductivity could be in
creased by raising the cathode tempera
ture or by lowering the pressure inside 
the tube. Eugen Goldstein, another able 
investigator of electrical conduction in 
gases, carried out similar experiments 
the following year and confirmed Hit
tor£' s results. 

Julius Elster and Hans Geitel, later 
well known for their studies of photo
conductivity, reported a series of experi
ments on electrical conduction in flames 
and heated gases from 1882 to 1889. 
One of their devices had a straight plati
num filament and a flat platinum plate 
in a highly evacuated bulb. After try
ing a variety of electrode arrangements 
they concluded that charged particles 
were being dispersed uniformly from 
the glowing electrode; they also reported 
that conductivity was in one direction. 

• 

1895 

The knowledge gathered by the Ger
mans does not appear to have been uti
lized by them for further research or 
for practical ends. Fleming, however, re
sumed his investigation of the Edison 
effect in 1889. Building on the American 
and German discoveries and the work 
of Preece, he started a line of work that 
eventually led him to his oscillation 
valve. Two different fields of endeavor 
came together in Fleming's hands. The 
Germans were scientists; their contribu
tions were in the tradition of physical 
investigation. Edison was an inventor; 
he made his discovery through curiosity 
prompted by urgent technical needs. 
Fleming was neither an inventor nor a 

scientist but a practicing engineer and 
a teacher. His interest in the properties 
of a lamp with an auxiliary electrode 
arose through his close association with 
the electric lighting industry and with 
the training of engineers. Thus Flem
ing's motivation appears to have been 
chiefly academic; he had no practical 
end in view. 

With some special lamps of his own 
design made at the Edison and Swan 
Lamp Works, Fleming began a series 
of thorough experiments to learn more 

about the curious phenomenon. His re
sults were disclosed in two papers pub
lished early in 1890, in which he gave 
full credit to the earlier work of Edison, 
Preece and the Germans. Fleming re
peated some of the earlier experiments 
and also devised new ones in an attempt 
to discover the basic features of the 
mystifying vacuum currents. 

Fleming tried a variety of electrode 
arrangements [see top illustration on 

page 110], including the use of glass and 
metal shielding cylinders around the fila
ment legs. He devised lamps with exten
sion tubes, double-ended tubes, heated 
carbon loops for collectors and center
tapped filaments; with them he used 
external circuits incorporating batteries 
and capacitors as well as a galvanometer. 
Fleming even demonstrated the Edison 
effect in open air by placing a metal col
lector plate inside an exposed carbon 
loop. 

Through these and later experiments 
Fleming became familiar with the phe
nomenon of current flow through a vac
uum. His results supported earlier find
ings and established unilateral conduc
tivity as a basic property of an evacuated 
space containing a heated negative elec-
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actually the first to achieve high.frequency rectification in 1904. The 

chart also shows the link between Fleming's 1905 paper and Lee De 

Forest's early work, which led to the invention of the thermionic 

triode. Some of De Forest's early devices incorporated open gas 

flames. With one exception drawings of various tube geometries 

were adapted from original sources. The drawing of the Goldstein 

tube, for which no authentic source is available, is based on con· 

temporary tubes and represents a type likely to have been used. 
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SKETCHES OF EARLY INCANDESCENT LAMPS appear in Edi

son's notebooks_ The entry recorded as Experiment No_ 1 and dated 

February 13, 1880 (top left), shows a glow lamp with a "small 

horseshoe" carbon filament and a wire probe designed to detect 

the flow of cnrrent through the evacuated space of the lamp (the 

Edison effect); it is probably the first illustration of the bulb that 

eventually became the electron tube_ The sketch is signed by 

Charles Batchelor, one of Edison's assistants_ The entry for July 
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5, 1882 (top right), shows a wire electrode inserted through the top 

of the bulb_ The sketch dated March 8, 1883 (bottom left), shows a 

lamp with a flat plate between the legs of the filament loop_ An 

entry made on March 10, 1883 (bottom right), illustrates a similar 

lamp with a list of metals to be tried as the cold electrode_ Edison 

later abandoned his efforts to find the cause of the Edison effect, 

and the investigation was taken up by Fleming_ The photographs 

were made at the Edison National Historic Site in West Orange, N_J_ 
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trode and a colder positive plate. Al
though Fleming thus prepared himself 
for the invention of the oscillation valve, 
he did not advance any new theories or 
suggest any practical applications for 
the phenomenon or his special glow 
lamps. He observed in one paper that 
this field of research was "a region 
abounding in interesting facts and prob
lems in molecular physics." Neverthe
less, he chose to drop his investigations 
for several years and took up other 
matters. 

Late in 1895 Fleming once more re
turned to his current-carrying lamps and 
initiated an exhaustive series of experi
ments in which he worked with several 
new models as well as earlier ones. He 
presented his new results ("A Further 
Examination of the Edison Effect in 
Glow Lamps") at a meeting of the Physi
cal Society on March 27, 1896. In this 
lengthy paper (profusely supported with 
diagrams, graphs and tables) Fleming 
described nearly 30 experiments. 

Fleming coined the term "molecular 
electrovection" to denote the convey
ance of electric charge by moving mole
cules. Molecules dispersed from a glow
ing electrode were at that time (1896) 
commonly regarded as being the charge 
carriers in the Edison effect. It was not 
until a year later that J. J. Thomson dem
onstrated the existence of the electron. 
Fleming clearly described and explained 
unilateral conductivity, as well as the 
rectifier action (although he did not 
name it) of a lamp operated by alternat
ing current. If the word "electron" is 
substituted for "negatively charged mol
ecules," his paper is a familiar descrip
tion of the elements of thermionic emis
sion, but of course he was ahead of his 
time. 

In the last half of the 1890's Fleming's 
careful experiments were scarcely noted 
in the press, which was full of news 
about the X rays that Wilhelm Konrad 
Roentgen had discovered in 1895 and 
the wireless telegraph system that Mar
coni had demonstrated a year later. 
Fleming's work seemed to be leading no
where. With Edison's sharp intuition, or 
the deep perception of Thomson, or per
haps more freedom from pressing duties, 
Fleming could have leaped into the 20th 
century simply by combining the ele
ments of his lamps. He could have sug
gested the possibilities of using his glow 
lamp as a rectifier for small currents, and 
since he had built lamps with two an
odes, he might have demonstrated full
wave rectification as well as half-wave. 
Even more important, he could have 
placed a zigzag wire (which he had put 
into one of his models) between the oth-

er electrodes (just to find out "vhat would 
happen, as Edison would probably have 
done) and thereby have anticipated Lee 
De Forest in inventing the three-element 
yacuum tube. None of these leaps, how
ever, would have been characteristic of 
a man as methodical and cautious as 
Fleming. Although he conducted and 
documented a series of thorough and 
well-conceived experiments that appar
ently covered all aspects of electrical 
conduction in a vacuum, he did not ven
ture beyond his own experimental lim
its. Once again, for the sixth time in 
16 years, the curious glow lamp was put 
aside and forgotten. 

Over the next three years wireless 
telegraphy was commercialized. In 

1899 Fleming became technical adviser 

to the newly established Marconi's \Virc
less Telegraph Company, a post that 
added to his heavy obligations as pro
fessor of electrical technology at U niver
sity College London. At the end of the 
century he was busy designing the power 
system for Marconi's new experimental 
wireless station at Poldhu in Cornwall. 
The detector of radio waves in those days 
was an erratic device known as a coherer, 
a metal tube filled with iron filings. This 
was followed by several kinds of elec
trolytic detector and by Marconi's mag
netic detector; both were superior in 
some respects to the coherer, but they 
were not satisfactory for regular and 
dependable service. A new and better 
detecting device, or signal rectifier, was 
urgently needed. 

Fleming, a first-rate electrical engi-

REPLICA of Edison's experimental lamp of 1883 shows the simple carbon-filament-plus

metal-plate construction of the original. Conceived of by Edison as a voltage indicator, a 

working model of this lamp was built in the summer of 1883 and was demonstrated in 1884 

at an electrical exhibition in Philadelphia. The patent for this lamp, granted to Edison in 

October, 1884, was the first patent in electronics. The replica was lent by Vance Phillips. 
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THREE EXPERIMENTAL LAMPS were made by Fleming in 1889 

in the course of his investigations of the Edison effect. The assem· 

bly at left contains a metal screening cylinder around one leg of 

the filament as well as a metal plate inside the loop. The lamp at 
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FLEMING'S LETTER TO MARCONI, written in November, 1904, 

revealed Fleming's discovery of the rectifying capability of his 

tube. The key lines in the letter, shown here, read: "I have found 

a method of rectifying electrical oscillations, that is, making the 

flow of electricity all in the same direction, so that I can detect 

them with an ordinary mirror galvanometer. I have been receiv-
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center has a zigzag of wire inside the loop; the one at right has a 

metal plate inside the loop. It was this third lamp, inserted in a 

wireless telegraph receiving circuit by Fleming in his crucial 1904 

experiment, that was actually the prototype of his oscillation valve . 
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ing signals on an aerial with nothing but a mirror galvanometer and 

my device, but at present only on a laboratory scale. This opens 

up a wide field for work, as I can now measure exactly the effect 

of the transmitter. I have not mentioned this to anyone yet as it 

may become very useful. Yours very sincerely, J. A. Fleming." 

Both photographs were supplied by the Marconi Company Limited. 
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neer, lecturer and textbook author, rig
orously applied classical methods in his 
work. It was therefore natural for him 
to ponder the general problem of making 
quantitative measurements in the new 
high-frequency apparatus. He sought 
ways of accurately measuring and eval
uating the circuits and devices that were 
coming into service in wireless systems. 
Fleming tried the common aluminum
carbon electrolytic cell and found that 
it, like other detectors, was unsuitable 
for precision measurements with direct
current meters at radio frequencies. 

In considering the problem of convert
ing a feeble oscillatory current into a di
rect current that could actuate a record
ing instrument, Fleming later recalled 
that he had had "a sudden very happy 
thought"; he perceived that his lamp was 
"the exact implement required to rectify 
high-frequency oscillations." The device 
he needed, neglected and all but forgot
ten, was sitting in one of his laboratory 
cupboards. Would such a lamp work at 
Marconi's new high frequencies? Would 
it be sensitive enough to operate on the 
extremely low voltages available in a 
wireless receiving circuit? Finally, could 
it be used to measure, as well as to de
tect, feeble currents oscillating at high 
frequenCies? 

These questions were soon answered. 
The inventive act was now nearly 

complete; all that remained was to unite 
the strange lamp with a suitable circuit 
and prove that it would work. Within a 
few hours a simple spark-coil oscillator 
and a resonant receiving circuit compris
ing one of the lamps were set up. The 
actual lamp that Fleming worked with 
was one of the 1889 models that had a 
flat plate supported between the legs of 
a Single-loop carbon filament. It was vir
tually the same as Edison's lamp of 1883. 
The experiment was an immediate suc
cess; Fleming had discovered a new kind 
of high-frequency rectifier, one that was 
eminently suitable for detecting wireless 
signals. 

This memorable event took place one 
afternoon in October, 1904. Fleming 
was considering the geometry of the col
lecting electrode that would be most ef
ficient. He decided on an open metal 
tube (not unlike the shielding cylinders 
in some of his 1889 experiments) that 
would surround the entire filament. The 
following day he placed an order with 
the Ediswan Lamp Works for a quantity 
of special lamps, each with a metal cylin
der around the carbon filament. These 
lamps, which Fleming soon called oscil
lation valves, were the first thermionic 

vacuum diodes [see bottom illustration 
on next page J. 

Early in November, Fleming wrote 
Marconi; "I have been receiving signals 
on an aerial with nothing but a mirror 
galvanometer and my device" [see bot
tom illustration on opposite page J. On 
November 16 he filed a provisional ap
plication for a patent on "Improvements 
in Instruments for Detecting and Mea
suring Alternating Electric Currents." 
This application made direct reference 
to the use of a galvanometer and a two
element lamp-the first vacuum tube in 
an electronic circuit-as a receiving in
strument in wireless telegraphy. Flem
ing's master patent was granted on Sep
tember 21, 1905 [see top illustration on 
next page]. 

Fleming lost no time in presenting his 
discovery to his professional colleagues. 
His paper "On the Conversion of Elec
tric Oscillations into Continuous Cur
rents by Means of a Vacuum Valve" was 
read at a Royal Society meeting on Feb
ruary 9, 1905, and was published in 
March. Fleming discussed the rectifying 
power of the valve and showed charac
teristic curves relating cathode-anode 
current and applied voltage (up to 100 
volts) at three different filament voltages. 
He also proposed water cooling for the 
anode to increase the "rectifying efficien
cy." Fleming's hopes were only half
realized, however; although he had in
vented a new wireless detector, it failed 
him as a device for measuring high
frequency currents. 

In his patent Fleming did not describe 
the mode of electrical conduction in his 
valve; he referred only to "negative elec
tricity." Nonetheless, in his paper he em
ployed "elech·on" and "free electrons" in 
describing how conduction took place. 
Fleming was the first to use the word 
"electron" popularly in referring to mi
nute negative charges or particles (also 
called negative ions or negative corpus
cles) in a paper titled "The Electronic 
Theory of Electricity," first published by 
the Royal Institution in 1902 and subse
quently reprinted in The Popular Sci
ence Monthly. "Elech·onic" thus en
tered the technical literature before the 
advent of the first practical electron 
tube. 

In 1906, at the peak of his career, 
Fleming published The Principles of 
Electric Wave Telegraphy, an encyclo
pedic treatise that became the foremost 
textbook for practitioners at all levels 
in the new communication field. In 
this book Fleming described his oscilla
tion valve as one kind of "vacuum tube 
cymoscope," a generic name that he in-

troduced with his invention of the cy
mometer, an instrument for measuring 
the length of electric waves. Curiously, 
Fleming now omitted all reference to 
electrons in describing the flow of cur
rent from the carbon filament to the met
al cylinder in his valve; instead he spoke 
of a flow of "negative electricity." Nor 
did he refer to the theory of thermionic 
emission, published in 1901 by o. W. 
Richardson, in spite of its relevance to 
his own work. Fleming made various im
provements in his valves early in 1905, 
and they went into actual service for the 
first time at Poldhu in the summer. The 
Marconi organization began manufac
turing Fleming valves in 1907 and in
corporated them into much of its equip
ment for several years thereafter. 

Few inventions can have brought their 
inventors so much distress, disap

pointment and trouble as the oscillation 
valve gave Fleming. His patent and his 
interests in it immediately became the 
property of Marconi's Wireless Tele
graph Company under the terms of his 
contract. Before his "glow lamp detec
tor," as it was sometimes called, had a 
chance to prove its value it was supplant
ed by the "cat's whisker" crystal rectifier, 
which was first employed in 1906. (The 
crystal rectifier was the first solid-state 
device in electronic technology.) In later 
years, when thermionic valves were be
ing produced by the millions annual
ly, Fleming, perhaps understandably, 
showed a sour side of his nature because 
he had not received any financial reward 
for his pioneer labors. Moreover, "his 
valve," although it was modified and 
improved a thousandfold by others, was 
the predecessor and (in his mind) the real 
source of a booming indush-y. 

The man who reaped some of the 
fame and fortune that Fleming consid
ered his due was Lee De Forest, one of 
the most enterprising and determined ra
dio pioneers among the Americans. In 
1904, the year Fleming applied for his 
British patent, De Forest was 31 years 
old and had decided to establish a wire
less system of his own free from patent 
domination by others, particularly Mar
coni. De Forest was obsessed with the 
idea that "a gaseous medium," main
tained in a condition of "molecular ac
tivity," could serve as an "oscillation 
responsive device," in other words, as a 
detector of wireless signals. 

In a series of patent applications ex
tending from November, 1904, to the 
end of 1906, De Forest embodied his 
ideas in a variety of devices that changed 
from open gas flames to electrodes en-

II I 
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MORE EFFICIENT GEOMETRY was adopted by Fleming in the drawings of the oscilla

tion valve that accompanied his original British patent application in 1904_ The design 

incorporates an open metal cylinder (c) that surrounds the entire filament (b). Electrons 

emitted by the filament moved to the cylindrical plate when the cylinder was positively 

charged by a signal from the antenna (n)_ A galvanometer (l) was employed to indicate 

the arrival of a signal. The patent also included diagrams of a full-wave rectifier with 

two valves connected to a differential galvanometer, and three valves connected in paralleL 

PRODUCTION MODEL of the Fleming oscillation valve is one of the 12 original thermi

onic diodes manufactured at the Ediswan Lamp Works near London in October, 1904_ 
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closed in glass bulbs. About the middle 
of 1905 Fleming became aware of a De 
Forest device not unlike one of his own. 
In response Fleming called De Forest's 
attention to his Royal Society paper of 
the previous March. This move by Flem
ing, obviously a warning that De Forest 
was poaching on Fleming's preserve, 
was the beginning of a lifelong feud be
tween the two men. 

The situation got worse when De For
est described his experiments in a discur
sive and hazy paper presented to the 
American Institute of Electrical Engi
neers on October 26, 1906. This paper 
("The Audion") also appeared in Scien
tific American Supplement in November 
and December, 1907. Unfortunately De 
Forest was wrong about several histori
cal matters and slighted Fleming by 
making only a passing and inaccurate 
reference to his work. Fleming never for
gave De Forest for his lack of generosity 
or for his "exploitation" of the basic 
thermionic diode. Fleming maintained 
to the end of his life that De Forest had 
merel� added a piece of bent wire to "his 
valve. 

Early in 1907 De Forest applied for an 
American patent on a wireless tele

graph receiver that disclosed the first 
three-electrode tube with a control ele
ment (a zigzag piece of wire) located be
tween the filament and the plate. The 
tremendous importance of this twin in
vention-the grid triode and its basic 
circuit-was not perceived by the in
ventor or his contemporaries for sev
eral years. Suddenly, beh",een 1911 and 
1913, a new technology emerged: triode 
circuits became amplifiers and oscilla
tors, adaptable to both radio and tele
phone systems. 

The new technology grew to maturity 
as radio broadcasting became a part of 
everyday life, followed by television, ra
dar, the electronic digital computer and 
a host of other applications for the ubiq
uitous electron tube. In the deepest 
sense these technological advances were 
launched by Fleming's "very happy 
thought" and his quick verification that 
an old idea could serve new ends. There 
can be no doubt that if he had not de
vised the thermionic diode, someone else 
would have done so soon afterward. Still, 
Fleming was the man who took the im
mortal first step. In giving the world the 
first practical electron tube he not only 
justified his patient guardianship of the 
Edison effect but also provided an im
portant transitional link between the age 
of electric power and the age of elec
tronics. 
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Srinivasa Ramarzujan 
(/887-1920) Woodcarving by William Ransom 

Photographed by Max Yavno 
" ... [Ramanujan] was not particularly interested in his own history or psychology; 
he was a mathematician anxious to get on with the job. And after all I too was a 
mathematician, and a mathematician meeting Ramanujan had more interesting 
things to think about than historical research. It seemed ridiculous to worry him 
about how he had found this or that known theorem, when he was showing me 
half a dozen new ones almost every day:" 

1 G. H. Hardy, Ramanujall, Cambridge University Press, 1940, p. 11. 

INTERACTIONS OF DIVERSE DISCIPLI NES 
Ramanujan's discipline of mathematics is represented by 200 professional staff members 

at Planning Research Corporation. Here, the disciplines of 800 other professionals interact 

with mathematics and with each other on multidisciplined teams. These interactions-involv

ing about 40 areas of knowledge in the classical sciences, the new behavioral, management, 

and computer sciences, most branches of engineering, and economics - form the most 

powerful tool yet devised for the solution of complex problems. 

More than half of the professionals at Planning Research Corporation, in addition to 

their separate disciplines, are experienced systems analysts. They are currently using systems 

analysis to find practical solutions to problems in planning, programming, and budgeting 

for urban projects; in national defense and space exploration; and in the most complex 

computer systems problems faced by business and industry. This systems analysis capability 

can be applied to your problem. For further information, write to Mr. Stuart A. Krieger, 
Executive Vice President. 

PLANNING RE S EARCH CORPORATI ON 
Home office: noo Glendon Avenue, Los Angeles, California 9002-1< 

An Equal Opportullity Employer. Candidates (Ire im'ited to write to the Administrator for Professional Staffing. 
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A GE-635 handles the Apollo launches. 
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But it has other things on its mind. 
The same things you worry about 

every day: printing the payroll, engi

neering calculations, accounting ... 

"The GE-635 is the only information 

system anywhere that could perform 

the real-time data processing for the 

Apollo launch - and handle other 

necessary processing at the same time," says Dr. 

R. H. Bruns, chief of the Data Systems Division at 

Kennedy Space Center. "It is beyond compare." 

Credit the people at NASA for a cost-saving decision. 

Rather than buy individual computers for specialized 

jobs, they chose a single information system with the 

ability to handle many programs concurrently - a 

GE-635 system. 

The 3-Dimensional lnformation System 
This same ability could be important to you. Because 

of it, a single GE-635 can operate in 3 dimensions, all 

at the same time: 

1. Local processing. Replace your duplicate comput

ers and their duplicate staffs with a powerful, 

central GE-635 system. You'll be able to handle 

dozens of jobs concurrently, so you'll get more 

work out faster. 

2. Remote processing. Inexpensive input/output 

computers link directly with the central GE-635. 

This gives your satellite operations the full power 

of the GE-635 from any distance. 

3. Time-sharing. Easy-to-use time-sharing terminals 

give your key people instant access to vital infor

mation, speed up their calculating ability. 

That's why we call the GE-635 the world's only 

3-Dimensional Information System. The Apollo 

launches have proved that it works successfully. Let 

us prove it to you. Call your GE Information Systems 

Sales Representative. Or write General Electric, Sec

tion 290-27, 1 River Road, Schenectady, N. Y. 12305. 

GENERAL fJ ELECTRIC 
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MATHEMATICAL GAMES 
The multiple fascinations 
of the Fibonacci sequence 

by :\ial'tin Gardner 

T
he greatest European mathemati
cian of the Middle Ages was Le
onardo of Pisa, better known as 

Fibonacci, meaning "son of Bonaccio." 
Although Leonardo was born in Pisa, his 
father was an official of an Italian mer
cantile factory in Bougie in Algeria; and 

END 

OF MONTH 
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it was there that young Leonardo re
ceived his early mathematical training 
from Moslem tutors. He quickly recog
nized the enormous superiority of the 
Hindu-Arabic decimal system, with its 
positional notation and zero symbol, over 
the clumsy Roman system still used in 
his own country. His best-known work, 
Liber abaci (literally "Book of the Aba
cus " but actually a comprehenSive mer
chant's handbook on arithmetic and 
algebra), defended the merits of the 

Tree graph lor Fibonacci's rabbits 

Hindu-Arabic notation. The arguments 
made little impression on the Italian 
merchants of the time but the book 
eventually became the most influential 
single work in introducing the Hindu
Arabic system to the West. Although 
Libel' abaci was completed in Pisa in 
1202, it survives only in a revised 1228 
edition dedicated to a famous astrologer 
of the period. There has never been an 
English translation. 

It is ironic that Leonardo, who made 
valuable contributions to mathemlltics, 
is remembered today mainly because a 
19th-century French number theorist, 
Edouard Lucas (who edited a classic 
four-volume work on recreational math
ematics), attached the name Fibonacci 
to a number sequence that appears in a 

trivial problem in Libel' abaci. Suppose, 
Leonardo wrote, a male-female pair of 
adult rabbits is placed inside an en
closure to breed. Assume that rabbits 
start to bear young two months after 

TOTAL 
OF PAIRS 

2 

3 

5 

8 

13 
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their own birth, producing only a single 
male-female pair, and that they have 
one such pair at the end of each subse
quent month. If none of the rabbits die, 
how many pairs of rabbits will there be 
inside the enclosure at the end of one 
year? 

The tree graph [see illustration on op
posite page] shows what happens during 
the first five months. It is easy to see that 
the numbers of pairs at the close of each 
month form the sequence 1, 2, 3, 5, 
8, . . .  , in which each number (as Fibo
nacci pointed out) is the sum of the two 
numbers preceding it. At the end of 12 
months there will be 377 pairs of rab
bits. 

Fibonacci did not investigate the se
ries and no serious study of it was un
dertaken until the beginning of the 19th 
century, when, as a mathematician once 
put it, papers on the sequence began to 
multiply almost as fast as Fibonacci's 
rabbits. Lucas made a deep study of 
sequences (now called "generalized Fi
bonacci sequences ") that begin with 
any two positive integers, each number 
thereafter being the sum of the preced
ing two. He called the simplest such se
ries, 1, 1, 2, 3, 5, 8, 13, 21, . . .  , the Fibo
nacci sequence. The position of each 
number in this sequence is traditionally 
indicated by a subscript, so that F 1 = 1, 
F 2 = 1, F 3 = 2, and so on. (The first 50 
Fibonacci numbers are listed in the illus
tration on this page). Fn refers to any 
Fibonacci number. Fn+1 is the number 
following F,,; Fn-l is the number pre
ceding FI1; F2n is the F-number with a 
subscript twice that of F", and so on. 

The Fibonacci sequence has intrigued 
mathematicians for centuries, partly be
cause it has a way of turning up in un
expected places but mainly because the 
veriest amateur in number theory, with 
no knowledge beyond simple arithmetic, 
can explore the sequence and discover 
a seemingly endless variety of curious 
theorems. Recent developments in com
puter programming have reawakened in
terest in the series because it turns out to 
have useful applications in the sorting of 
data, information retrieval, the genera
tion of random numbers and even in 
rapid methods of approximating max
ima and minima values of complicated 
functions for which derivatives are not 
known. 

Early results are summarized in Chap
ter 17 of the first volume of Leonard Eu
gene Dickson's History of the Theory of 
Numbers. For the most recent discov
eries interested readers can consult The 
Fibonacci Quarterly, published since 
1963 by the Fibonacci Association. (The 

annual price is now $6 and subscriptions 
are handled by the managing editor, 
Brother Alfred Brousseau, at St. Mary's 
College in St. Mary's College, Calif.) 
Edited by Verner E. Hoggatt, Jr., of San 
Jose State College in San Jose, Calif., the 
quarterly is concerned primarily with 
generalized Fibonacci numbers and sim
ilar numbers (such as "Tribonacci num
bers," which are sums of the preceding 
three numbers), but the journal is also 
devoted "to the study of integers with 
special properties. " 

Surely the most remarkable property 
of the Fibonacci series (which holds for 
the generalized series too) is that the 
ratio between two consecutive numbers 
is alternately greater or smaller than the 
golden ratio and that, as the series con
tinues, the differences become less and 
less; the ratios approach the golden 
ratio as a limit. The golden ratio is a 
famous irrational number, 1.61803 . . .  , 
that is obtained by halving the sum of 1 
and the square root of 5. There is a con
siderable literature, some of it dubious, 
about the appearance of the golden ratio 
and the closely related Fibonacci se
quence in organic growth and about 
their applications to art, architecture and 
even poetry. George Eckel Duckworth, 
professor of classics at Princeton Univer
sity, maintains in his book Stmctural 
Patte1'l1s and Proportions in Vergil's 
Aeneid (UniverSity of Michigan Press, 
1962) that the Fibonacci series was con
Sciously used by Vergil and other Roman 
poets of the time. I dealt with such mat
ters in an earlier column on the golden 
ratio, which is reprinted in The 2nd Sci
entific American Book of Mathematical 
Puzzles & Diversions. 

The most striking appearance of Fibo
nacci numbers in plants is in the spiral 
arrangement of seeds on the face of cer
tain varieties of sunflower. There are two 
sets of logarithmic spirals, one set turn
ing clockwise, the other counterclock
wise, as indicated by the two colored 
spirals in the illustration on the next 
page. The numbers of spirals in the two 
sets are different and tend to be con
secutive Fibonacci numbers. Sunflowers 
of average size usually have 34 and 55 
spirals, but giant sunflowers have been 
developed that go as high as 89 and 144. 
In the letters department of The Scien
tific Monthly (November, 1951) Daniel 
T. O'Connell, a geologist at City College 
of the City of New York, and his wife 
reported having found on their Vermont 
farm one mammoth sunflower with 144 
and 233 spirals! 

The intimate connection between the 
Fibonacci series and the golden ratio 

n Fn 

1 1 
2 1 
3 2 
4 3 
5 5 
6 8 
7 13 
8 21 
9 34 
10 55 
11 89 
12 144 
13 233 
14 377 
15 610 
16 987 
17 1,597 
18 2,584 
19 4,181 
20 6,765 
21 10,946 
22 17,711 
23 28,657 
24 46,368 
25 75,025 
26 121,393 
27 196,418 
28 317,811 
29 514,229 
30 832,040 
�1 1,346,269 
32 2,178,309 
33 3,524,578 
34 5,702,887 
35 9,227,465 
36 14,930,352 
37 24,157,817 
38 39,088,169 
39 63,245,986 
40 102,334,155 
41 165,580,141 
42 267,914,296 
43 433,494,437 
44 701 ,408,733 
45 1,134,903,170 
46 1,836,311,903 
47 2,971,215,073 
48 4,807,526,976 
49 7,778,742,049 
50 12,586,269,025 

The first 50 Fibonacci numbers 
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can be seen in the following formula for 
the nth Fibonacci number: 

This equation gives the nth Fibonac
ci number exactly but it is cumbersome 
to use for high F-numbers, although 
good approximations can be obtained 
with logarithms. A much simpler formu
la for the nth F-number is the golden 
ratio raised to the power of n and then 
divided by the square root of 5. When 
this result is rounded off to the nearest 
integer, it too provides the exact num
ber sought. Both formulas are nonrecur
sive because they compute the nth F
number directly from n. A "recursive 
procedure" is a series of steps each of 
which is dependent on previous steps. 
If you compute the nth F-number by 
summing consecutive F-numbers until 
you reach the nth, you are computing it 
recursively; a definition of the nth F
number as the sum of the preceding two 
numbers is a simple example of a re
cursive formula. (Two highly efficient 
computer algorithms for computing 
large F-numbers exactly are given as the 
answer to exercise No. 26 on page 552 

of Seminumerical Algorithms, the sec
ond volume of The Art of Computer Pro
gramming by Donald E. Knuth.) 

To find the sum of the first n Fibo
nacci numbers the best procedure is to 
determine F n+ 2 and then subtract l. 
Example: What is the sum of the first 
20 F-numbers? Subtract 1 from 17,711, 
the 22nd F-number, to get the answer: 
17,710. 

Here are some more well-known prop
erties of the Fibonacci sequence, most of 
them not difficult to prove: 

l. The square of any F-number dif
fers by 1 from the product of the two 
F-numbers on each side. The difference 
is alternately plus or minus as the series 
continues. Like so many properties of 
the Fibonacci series, this is a special case 
of a property that applies to the general 
sequence starting with any two integers. 
In the general case too the difference is 
a constant that is alternately plus or 
minus. For example, the next-simplest 
series after the Fibonacci, 1, 3, 4, 7, 11, 
IS, ... (now called the Lucas series af
ter the French mathematician), has a 
constant difference of 5. 

2. The sum of the squares of any two 
consecutive F-numbers, F�n and F�"+1> 
is F22n+1. Since the last number must 

Sunflower with 55 counterclockwise and 89 clockwise spirals 

1 18 

have an odd subscript, it follows from 
this theorem that if you write in se
quence the squares of the F-numbers, 
sums of consecutive squares will pro
duce in sequence the F-numbers with 
odd subscripts. 

3. For any four consecutive F -num
bers, A, B, C, D, the following formula 
holds: C� - B2 = A X D. 

4. The sequence of final digits of the 
Fibonacci sequence repeats in cycles of 
60. The last two digits repeat in cycles 
of 300. The repeating cycle is 1,500 for 
three final digits, 15,000 for four digits, 
150,000 for five and so on for all larger 
numbers of digits. 

5. For every integer m there is an 
infinite number of F-numbers that are 
evenly divisible by m, and at least one 
can be found among the first m2 num
bers of the Fibonacci sequence. 

6. Every third F-number is divisible 
by 2, every fourth number by 3, every 
fifth number by 5, every sixth number 
by S and so on, the divisors being F
numbers in sequence. Consecutive Fibo
nacci numbers (as well as consecutive 
Lucas numbers) cannot have a common 
divisor other than l. 

7. With the exception of 3, every F
number that is prime has a prime sub
script (for example, 233 is prime and its 
subscript, 13, is also prime). Put another 
way, if a subscript is composite (not 
prime), so is the number. Unfortunately 
the converse is not always true: a prime 
subscript does not necessarily mean that 
the number is prime. The first counter
example is FlO, 4,lSl. The subscript is 
prime but 4,lSl is 37 times 113. 

If the converse theorem held in all 
cases, it would answer the greatest un
solved question about Fibonacci num
bers: Is there an infinity of Fibonacci 
primes? We know that the number of 
primes is infinite, and therefore if every 
F-number with a prime subscript were 
prime, there would be an infinity of 
prime F-numbers. As it is, no one today 
knows if there is a largest Fibonacci 
prime. 

S. With the trivial exceptions of 0 
and 1 (taking 0 to be F 0) ' the only square 
F-number is F 1�, 144-which, surpris
ingly, is the square of its subscript. 
Whether or not there is a square F-num
ber greater than 144 was an open ques
tion until the matter was finally settled, 
as recently as 1963, by John H. E. Cohn 
of Bedford College in the University of 
London. He also proved that 1 and 4 
are the only squares in the Lucas se
quence. 

9. The reciprocal of S9, the 11th F
number, can be generated by writing 
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DIFFERENT PATHS 
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3 
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There are Fn + 2 paths by which a ray ccm be reflected n times through two pcmes of glass 

the Fibonacci sequence, starting with 0, 
and then adding as follows: 

.0112358 
13 

21 
34 

55 
89 

144 
233 

.011235955040673 . . .  = 1/89 . 

This list of properti�s could be ex
tended to fill a book. One could do the 
same with instances of how the series 
appears in physical and mathematical 
situations. (For its appearance in the 
diagonals of Pascal's triangle see this 
department for December, 1966.) Leo 
Moser in 1963 studied the paths of slant-

ing light rays through two face-to-face 
glass plates. An unreflected ray goes 
through the plates in only one way [see 
illustration above J. If a ray is reflected 
once, there are two paths; if it is re
flected twice, there are three paths, and 
if three times, there are five paths. As 
11, the number of reflections, increas
es, the numbers of possible paths fall 
into the Fibonacci sequence. For n re
flections the number of paths is Fn+2• 

The sequence can be applied similarly 
to the different paths that can be taken 
by a bee crawling over hexagonal cells 
[see top illustration on next page J. The 
cells extend as far as desired to the right. 
Assume that the bee always moves to an 
adjacent cell and always moves toward 
the right. It is not hard to prove there 
is one path to cell 0, two paths to cell 1, 
three to cell 2, five to cell 3 and so on. 
As before, the number of paths is Fn+2, 

where n is the number of cells involved. 
Consider Fibonacci nim, a counter

removal game invented a few years ago 
by Robert E. Gaskell. The game begins 
with a pile of n counters. Players take 
turns removing counters. The first player 
may not take the entire pile, but there
after either player may remove all the 
remaining counters if these rules permit: 
at least one counter must be taken on 
each play, but a player may never take 
more than twice the number of counters 
his opponent took on his last play. Thus 
if one player takes three counters, the 
next player may not take more than six. 
The person who takes the last counter 
wins. 

It turns out that if n is a Fibonacci 
number, the second player can always 
win; otherwise the first player can win. 
If a game begins with 20 counters (not 
an F-number), how many must the first 
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There are Fll + 2 paths by which the bee can crawl to cell n 

player take to be sure of winning? The 
answer will be given next month along 
with a simple strategy employing F
numbers. 

A second problem, also to be an
swered next month, concerns a little
known lightning calculation trick. Turn 
your back and ask someone to write 

1 c 

3 c 

5 c 

down any two positive integers (one be
low the other), add those two numbers 
to get a third, put the third number be
low the second, add the last two num
bers to get a fourth, and continue in this 
way until he has a column of 10 num
bers. In other words, he writes 10 
numbers of a generalized Fibonacci se-

2 c 

4 c 

Venn-diagram solution to last month's martini problem 

120 

quence, each the sum of the preceding 
two numbers except for the first two, 
which are picked at random. You turn 
around, draw a line below the last num
ber and immediately write the sum of 
all 10 numbers. 

The secret is to multiply the seventh 
number by 11. This can easily be done 
in your head. Suppose the seventh num
ber is 928. Put down the last digit, 8, 
as the last digit of the sum. Add 8 and 
2 to get 10. Put 0 to the left of 8 in the 
sum, carrying the 1. The sum of the next 
pair of digits, 9 and 2, is 11. Add the car
ried 1 to get 12. Put 2 to the left of 0 in 
the sum, again carrying 1. Add the car
ried 1 to 9 and put down 10 to the left of 
2 in the sum. The completed sum is 
10,208. In brief, you sum the digits in 
pairs, moving to the left, carrying 1 
when necessary, and ending with the last 
digit on the left. 

Can you prove, before the simple an
swer is given next month, that the sum 
of the first 10 numbers in a generalized 
Fibonacci sequence is always 11 times 
the seventh number? 

Three Venn circles are shaded as in 
the illustration at the left to solve 

last month's problem about the tlu'ee 
men who lunch together. Each of the 
first four diagrams is shaded to repre
sent one of the four premises of the prob
lem. Superimposing the four to form 
the last diagram shows that if the four 
premises are true, the only possible com
bination of truth values is a, b, �c, or 
true a, true b and false c. Since we are 
identifying truth with ordering a mar
tini, this means that Abner and Bill al
ways order martinis, whereas Charley 
never does. 

The method of generating 2n integers 
to form Boolean algebras, as explained 
last month, was given by Francis D. 
Parker in The Ame1'ican Mathel1wtical 
Monthly for March, 1960, page 268. 
Consider a set of any number of distinct 
primes, say 2, 3, 5. Write down the mul
tiples of all the subsets of these three 
primes, which include 0 (the null set) 
and the original set of three primes. 
Change 0 to 1. This produces the set 1, 
2, 3, 5, 6, 10, 15, 30, the first of the ex
amples given last month. In a similar 
way the four primes 2, 3, 5, 7 will gener
ate the second example, the 24 = 16 fac
tors of 210. A proof that alI such sets 
provide Boolean algebras, when the al
gebra is interpreted as explained last 
month, can be found in Boolean Algebra, 
by R. L. Goodstein (Pergamon Press, 
1963), page 126, as the answer to prob
lem No. 10. 
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• No proving ground can duplicate the ele

ments which make competition the final test 

of a car's performance. The rivalry of premier 

drivers, the unexpected moments, the con

stant stress on the entire machine, and the 

incentive to win are present only in racing. 

Research, not publicity, has been the 
prime objective of Porsche's competition 

program since the firm's founding. Win or 

lose, Porsche races to prove out engineer

ing and design concepts under the tough

est of all possible conditions. 

Take one example. The Sportomatic semi

automatic transmission was installed in a 

Porsche 911 and raced in the Marathon de 

la Route, 84 hours over the demanding Nur

burg ring course. It met the test. The car won. 

Porsche prototype racers, last year, won 

the Daytona 24-hour; Sebring 12-hour; Tar

go Florio; Nurburgring 1,000 kilometer and 

other major races. The earlier developments 

RO£inq-fhe ulfilDofe prool 

perfected in these unique cars brought vic

tory to virtually stock Porsche sedans in the 

Trans-American championship and to hun

dreds of amateur owner-drivers who race 

their own Porsches. 

Not all Porsches are raced, of course. But 
the Porsche you drive is raceworthy; able to 

take the punishment of high speed racing. 

Engine, brakes, suspension, electrical sys

tem-the total design-are based on race

bred research and built to racing standards. 

Can a car be built too good for everyday 

use? Porsche doesn't think so. 

If you're serious about your driving, you 

can have a lot of fun driving a Porsche, the 

car that's good enough to race. 

Prices start at about $5,100, East Coast 

P.O.E. See your Porsche dealer or write 

to the Porsche of America Corporation, 

100 Galway Place, Teaneck, N.J. 07666. 

� c::J � =::; c=: t--f == 
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Now, the muscle in the mushroom 
can tum deserts into wheatfields, 
light the world, feed it, and fuel it! 

(The steels are ready whenever you are) 

Man's most horrendous crea'tion is 
being transformed from slaughterer 
into servant. 

Already, nuclear power is supple� 
menting traditional means of gen� 
erating electricity for electric-utility 
companies. The huge quantities of 
heat released can be put to work 
to desalt sea water. Resulting fresh 
water could make the arid regions 
of the earth bloom into fertile fields 
to help feed a hunger-haunted world. 

Now comes Project Gasbuggy, 
the Atomic Energy Commission's 
first experimental project in under� 
ground engineering, Gasbuggy used 
nuclear explosives to free natural 
gas from tight rock formations that 
would otherwise have held billions 
of cubic feet of fuel captive forever. 

I n other activities, nuclear engi-

neers are working to release oil 
from shale, and to gouge out giant 
excavations for canals and harbors 
with nuclear explosions. 

Clearly, nuclear energy is on its 
way to becoming a major industrial 
tool. Scores of American companies 
are intensively engaged in improving 
and broadening the use of nuclear 
power for the benefit of mankind. 

With this comes a new axiom: 
Where nuclear energy goes, there 
goes steel- housing it, channeling 
it, controlling it. The tough, rugged 
steels needed in the future are ready 
now, because Republic Steel has 
anticipated future needs for the new 
and improved steels that will serve 
mankind in harness with nuclear 
power. 

Republic, for example, has a new 

high strength steel originally de
veloped to withstand the high ex
ternal pressures found deep in the 
ocean. By test, this new steel has 
been found to be equally depend
able in containing the terrific internal 
pressures built up in nuclear reactor 
vessels. 

At this moment, the long reach 
of steel from Republic is probing into 
areas wherever man's imagination 
needs it - from beneath the land to 
beyond the moon, from the heart
beat of man to the drumbeat of de
fense, Republic Steel Corporation, 
Cleveland, Ohio 44101. 

You Can Take the Pulse of Progress at 

REPUBLIC STEEL 
CLEVELAND. OHIO 44101 
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THE AMATEUR SCIENTIST 

Conductcd by C. L. Stong 

A
colorful experiment involves the 

separation of pigments in a com
plex mixture. From each of sev

eral kinds of soft white paper cut a strip 
about an inch wide and five inches long. 
The materials might include paper 
toweling, a piece of soft writing paper 
and the margin of a newspaper. Across 
each strip, an inch from one end, de
posit three evenly spaced drops of food 
coloring. Use three different colors on 
each strip. Let the coloring dry. 

Select a tall drinking glass for each 
strip and put an ounce of tap water in 
each glass. After the drops of coloring 
have dried suspend a strip in each glass 
so that the edge at the colored end just 
touches the water. The paper can be sus
pended by a toothpick pushed through 
the upper end of the strip and laid across 
the mouth of the glass. Water drawn into 

entire jdr wra.pped 
and covered with 
o.luminum foi' to 
exclude light 

Various kinds of chromatography, 
especially the thin-layer method 

the strip by capillary attraction will mi
grate to the top of the paper, carrying 
most of the color partway. If your drops 
of food coloring are red, blue and green, 
the red dye will probably spread com
pletely across the strip and migrate as a 
band of color that diminishes in inten
sity toward the bottom. The blue will 
move similarly, but it will probably sepa
rate into two ragged bands, one of bright 
blue and one of deep red, showing that 
it is a mixture of colors. The green will 
separate into adjoining patches of bright 
blue and lemon yellow. 

The order in which the colors separate 
depends partly on the nature of the 
paper. On the strip cut from newspaper 
the blue patch will most likely lead the 
parade, but blue will probably trail red 
on the strip cut from the paper towel. 
The colors may fail to separate on white 
writing paper. If so, prepare an identical 
strip and dip its lower edge in a solution 
made by mixing one part of household 
ammonia with three parts of rubbing 
alcohol. The colors will then doubtless 
separate cleanly, with blue in the lead. 
The behavior of the mixture depends on 
the fluid as well as on the paper. 

chro m atogrdphy 
Jar 

lined 
with 

fj Ite.r 
pa pe.r 

about y� inc.h 
of 501 vent in 

botto m of jay 

Better separations can be achieved 
with strips of white blotting paper. The 
colors migrate on this material in the 
form of oval or comet-shaped patches, 
whereas the colors on newsprint and pa
per toweling tend to form in irregular 
bands with ragged edges. The clearest 
separations can be accomplished with 
Whatman's No. 1 filter paper, which is 
available from dealers in chemical sup
plies. On lO-inch strips of this material 
the colors separate in distinct, wide
ly spaced patches. You can cut patches 
from the strips and recover the pure dyes 
by soaking each patch in water, remov
ing the paper and evaporating the solu
tion. 

Inks can be analyzed by the same 
technique. Most inks, particularly the 
brown and blue-black varieties, are mix
tures of dyes. Inks can usually be sepa
rated on Whatman filter paper with a 
wash fluid that consists of six parts of 
n-butyl alcohol, two parts of rubbing al
cohol and two parts of ammonia water 
that contains 34 grams of ammonia per 
liter of water. Bank checks that have 
been altered by the addition of words or 
numbers can often be detected by soak
ing off the suspected ink, separating its 
dyes and comparing them with the dyes 
of the other ink on the check. 

This method of analyzing mixtures is 
known as chromatography and is based 
on a technique invented in 1906 by 
Michael Tswett, a Russian botanist 
working at the University of Warsaw. 
Tswett packed a glass tube with cal
cium carbonate and washed through it, 
using petroleum ether as a wash fluid, 
pigments extracted from green leaves. 
The pigments separated into distinctly 
colored zones as they migrated down 
the column of calcium carbonate. Im
pressed by the colors, Tswett named 
the array a chromatogram and the pro
cedure chromatography. 

Materials jor paper chromatography 

Why do substances that start as a mix
ture at one point on a sheet of paper, or 
at the top of a Tswett column, migrate 
at differing rates in the direction of the 
wash fluid's movement and ultimately 
concentrate in distinct zones? Specialists 

124 

© 1969 SCIENTIFIC AMERICAN, INC



explain that two forces act on the sub
stances. The moving fluid exerts a force 
that tends to drive the substances in the 
direction of the flow. The second force 
is essentially electrical; in the case of 
paper strips it exists between the moving 
substances and the moist fibers of cellu
lose. This binding force-adhesion-tends 
to oppose the force exerted by the fluid 
and hence to arrest the movement of the 
substances. 

Periodically, however, adhering mole
cules of the substances are thrown into 
the moving stream by the ceaseless vi
bration that characterizes matter at all 
temperatures above absolute zero. Some 
substances are more strongly attracted 
to cellulose than others; when they are 
thrown into the stream of wash fluid, 
they quickly find a new resting place on 
the cellulose downstream. Substances 
less strongly attracted by the cellulose 
come to rest at greater distances down
stream. As a result particles that make a 
series of long hops soon outdistance their 
more sluggish neighbors. 

The chromatographic column invent
ed by Tswett can be packed with cellu
lose as well as with calcium carbonate. 
Indeed, it can be packed with almost 
any powdered substance: sugar, alu
mina, silica and so on. Experiments have 
demonstrated that almost any mixture of 
substances can be separated by packing 
a Tswett column with a suitable adsorp
tion material and washing the column 
with a fluid. The column must be uni
formly packed or the components of the 
mixture will collect in poorly separated 
zones of irregular shape. 

Packing a column, however, is some
thing of an art and is both difficult and 
time-consuming. For this reason chro
matography using paper became uni
versally popular following its discovery 
during World War II by the British in
vestigators Raphael Cons den, A. H. 
Cordon and A. J. P. Martin. A number 
of applications were found for the 
technique even though many mixtures 
will not separate on cellulose. 

Ultimately a third chromatographic 
technique was devised. It combines the 
versatility of the chromatographic col
umn with the convenience of the paper 
strip. Although this technique, known as 
thin-layer chromatography, was first de
scribed in 1938 by the Russian chemists 
N. A. Izmailov and M. S. Shraiber, its 
development was delayed until the mid-
1950's. Izmailov and Shraiber coated a 
glass plate with a slurry of alumina and 
water two millimeters thick and used it 
for the separation of medicinal prepara
tions of vegetable origin. 

Place d rap about 
.3/4- inch from the 
bottom ed.ge. 

Applying a specimen to a paper strip 

The technique suffered from various 
limitations. Difficulty was experienced 
in producing uniform coatings, and the 
plate had to be used in a horizontal posi
tion. As a result thin-layer chromatog
raphy was all but forgotten until an im
proved method was discovered in 1951 

chYomatog
yaphy ja,.. 

L-

by Justus C. Kirchner of the U.S. De
partment of Agriculture. Five years later 
Egon Stahl of the University of the Saar
land developed methods for applying to 
glass plates a uniform layer of silica gel, 
an effective adsorbent, that was held in 
place by plaster of paris. The final step 

filter
paper 

,; n ing 

Putting a strip in the jar 
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Separated pigments 0/ spinach leaves 

of transforming thin-layer chromatog
raphy into a routine procedure was tak
en six years ago when the Eastman 
Kodak Company developed methods for 
precoating Rexible sheets of transparent 
plastic with a variety of adsorbents, in
cluding silica gel, alumina and cellulose. 
A number of firms now manufacture 
such films, which can be bought from 
dealers in scientific supplies. 

An introductory experiment in the use 
of thin-layer chromatography has been 
speCially developed for amateurs by 
Gunter Zweig of the Syracuse Univer
sity Research Corporation and Joseph 
A. Sherma of Lafayette College. Es
sentially they update Tswett's classical 
analysis of the chloroplast pigments in 
green leaves. Zweig and Sherma de
scribe the experiment as follows: 

"Plant pigments are destroyed easily 
by heat and light. The solvents used for 
extracting them should be ice cold. 
When you make extractions, work as 
quickly as possible, avoid direct sunlight 
and store the final solution in the dark. 
Use distilled water in all experiments. 

"Obtain some fresh spinach. Cut away 
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the stem and midribs with scissors, chop 
the rest into small pieces and weigh out 
about two grams of the small pieces. 
Place the fragments in an electric blend
er, add 40 milliliters of acetone and let 
the blender operate at its highest speed 
for two minutes. (Caution: The motors 
of most blenders generate sparks that 
may ignite spilled acetone. Blenders 
equipped with screw caps are the saf
est.) Centrifuge the pulp for a few min
utes at 2,000 revolutions per minute to 
separate the solids from the liquid. Pour 
the green Ruid into a 2S0-milliliter sepa
ratory funnel. Do not use grease on the 
stopcock or the stopper of the funnel. 
Add to the extract 40 milliliters of petro
leum ether and 100 milliliters of brine 
that contains 10 percent by weight of 
table salt. For extracting plant pigments 
use petroleum ether that boils between 
20 and 40 degrees Celsius. Shake the 
funnel and allow the layers to separate. 
The top layer (dark green) contains most 
of the chloroplast pigments; the bottom 
layer is colorless. The addition of salt 
reduces the solubility of the pigments in 
the water-acetone solution. If an emul-

sion forms, try to diSSipate it by using 
more brine. 

"Discard the bottom layer. Wash the 
remaining extract down the sides of the 
funnel with two successive 100-milliliter 
portions of water. Swirl rather than 
shake the contents in the funnel. Pour 
the washed solution through the top of 
the funnel into a round-bottomed Rask. 
The solution must be evaporated to dry
ness under vacuum. Close the Rask with 
a perforated rubber stopper. Insert a 
glass tube in the perforation and connect 
it by Rexible tubing to a water aspirator 
or some other type of air pump. While 
the Ruid is evaporating swirl the Rask 
gently in a bath of tepid water at a tem
perature below 40 degrees C. Just be
fore making the chromatographic analy
sis dissolve the dry residue in one milli
liter of petroleum ether that boils at 
a temperature of 60 to 1 10 degrees C. 
Label the container Extract I. This final 
solution contains all the chloroplast pig
ments: the green chlorophylls as well as 
the yellow xanthophylls and carotenes. 

"As an aid to identifying the pigments, 
prepare a second test solution from 
which the chlorophylls are eliminated. 
Again extract the pigments from two 
grams of spinach leaves with acetone 
and, after centrifuging, transfer the Ruid 
to a SOO-milliliter separatory funnel. Add 
2S milliliters of methyl alcohol that con
tains 2Jf grams of potassium hydroxide. 
The solution will turn brown and then 
green. Let the mixture stand for 20 min
utes but swirl the funnel occaSionally. 
Add 40 milliliters of a solution made of 
equal parts of diethyl ether and petro
leum ether. Add 200 milliliters of a solu
tion that contains 10 percent by weight 
of table salt. Shake the funnel to mix the 
contents. Let the mixture settle. The 
solution will separate into a golden yel
low layer that Roats on a dark green one. 
Discard the green layer. Add 200 milli
liters of fresh water, swirl the Rask, let it 
settle and discard the water. Repeat the 
washing. Transfer the yellow solution, 
thus washed, to a round-bottomed Rask 
and evaporate it to dryness under vac
uum. The extract now contains yellow 
pigments only. Just before making the 
analYSis dissolve the concentrated pig
ments in one milliliter of a solution that 
contains equal parts by volume of diethyl 
ether and petroleum ether (boiling tem
perature 60 to 110 degrees C.). Label 
the container Extract II. 

"The chromatographic analysis of Ex
tract I is made with Eastman Chroma
gram sheets that are coated with cellu
lose. They are available from Eastman 
Organic Chemicals, Eastman Kodak 
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Company, Rochester, N.Y. 14650. The 
sheets are supplied in eight-inch squares 
that can be cut into one-inch strips eight 
inches long. 

"By means of a micropipette apply 
five microliters of Extract I to the center 
of a strip about 3/4 inch from one end. 
Let the spot dry in the dark. In the 
meantime make a wash solution (or sol
vent) of petroleum ether, benzene, chlo
roform, acetone and isopropyl alcohol 
in the proportions of 50: 35 : 10: 5 : .17 
parts by volume respectively. Before 
making up the solution mix the chloro
form with an equal quantity of water in 
a separatory funnel, swirl the mixture, 
let it settle and separate and then discard 
the upper water layer. Wash the chloro
form twice by this procedure to remove 
traces of ethanol, then dry the chloro
form over anhydrous calcium sulfate 
('Drierite') . 

"Line a glass container, preferably a 
rectangular jar 10 inches deep, with fil
ter paper. Cover the outside of the jar 
with aluminum foil to exclude light. Pour 
wash solution into the jar to a depth of 
about 10 millimeters and allow the filter 
paper to become saturated. Stand the 
Chromagram sheet in the jar, with the 
spotted end down. The top of the solvent 
must be well below the level of the 
origin line on the sheet. Close the jar 
with a snug-fitting lid. In about 45 min
utes the solvent will have migrated al
most to the top of the sheet. Remove the 
sheet and let it dry. Do not expose it to 
strong light. The order of pigment mi
gration, beginning from the bottom, will 
be neoxanthin plus chlorophyll-b (yel
low and yellow-green), chlorophyll-a 
(blue-green), violaxanthin (yellow), lu
tein (yellow) and carotenes (yellow
orange). 

"Extract II is analyzed with Eastman 
Chromagram sheets that are coated with 
silica gel. Follow the procedure used in 
the preceding analysis but substitute for 
the wash solution a mixture consisting of 
three parts of isooctane and one part 
each of acetone and diethyl ether, by 
volume. The pigments will separate into 
four yellow zones that are, beginning at 
the origin, neoxanthin, violaxanthin, lu
tein and carotene. 

"The identification of these pigments 
can be confirmed by exposing the devel
oped sheet to the fumes of concentrated 
hydrochloric acid. Pour a little acid into 
a shallow rectangular container and cov
er it with the Chromagram sheet, with 
the coated side facing the acid. The yel
low patch of neoxanthin will turn a blu
ish green, the violaxanthin will turn blue 
and the remaining pigments wiII stay 

yellow. An additional analysis can be 
made by scraping the colored patches 
from the sheet and mixing the scrapings 
with ethyl alcohol. The pigments will 
enter solution. A spectrophotometric 
analysis can then be made of the stained 
alcohol by means of a spectrophotometer 
of the kind described in this department 
last year [see "The Amateur Scientist," 
May, 1968]. 

"Other plant groups such as diatoms, 
dinoflagellates, red algae and so on can 
be investigated in the same way, al
though the extraction procedures and 
the wash fluids may have to be modified 
in some cases. The pattern of pigments 
obtained can aid in the taxonomic classi
fication of the plants. One cannot predict 
the best procedure for each species of 
plant. Chromatography is largely an em
pirical technique." 

Chromatography is used routinely for 
separating colorless substances of 

numerous kinds that occur as natural 
mixtures, including the amino acids. Al
bert Baitsholts and Richard Ardell of 
Eastman Organic Chemicals have found 
that the thin-layer chromatographic 
technique separates amino acids in less 
time and more effectively than the older 
techniques do. Baitsholts and Ardell 
have developed a two-part experiment 
that amateurs can perform. The first part 
separates free amino acids on thin cellu
lose layers, and the second part sepa
rates derivatives of the acids on silica 
gel. The derivatives are prepared by let
ting the acids react with I-dimethylami
nonaphthalene-5-sulfonyl chloride. The 

250-ml. separatory funnel 

top layer, 
petroleum ether 
a.nd chloroplast 
pigments � 

bottom layer, 
salt water � 

products are called "dansyI" derivatives 
and are of particular interest because 
they are highly fluorescent. Dry amino 
acids, as well as solutions of their dansyl 
derivatives, are available from the Mann 
Research Laboratories, Inc., 136 Liberty 
Street, New York, N.Y. 10006. Baitsholts 
and Ardell write: 

"Sample mixtures of amino acids are 
prepared for analYSis by placing one 
millimole of each of the acids in a con
tainer and dissolving the mixture in 100 
cubic centimeters of water to which .364 
gram of hydrochloric acid has been 
added (. 1 normal solution). We make 
two batches. Mixture A contains lYSine, 
aspartic acid, glycine, threonine, proline, 
valine, tryptophan, phenylalanine and 
leucine. Mixture B contains cystine, his
tidine, arginine, serine, glutamic acid, 
alanine, tyrosine, methionine and isoleu
cine. These mixtures are representative 
of the combinations encountered rou
tinely in samples taken from living orga
nisms. 

"One-microliter samples of the test 
mixtures are spotted on a Chromagram 
sheet that is coated with cellulose. The 
wash fluid is prepared by shaking to
gether a mixture of butanol, acetic acid 
and water. The mixture separates after 
standing for a few minutes. The top lay
er is used as the wash fluid. Place the 
wash fluid in a rectangular container to 
a depth of a few millimeters, as in the 
preceding experiments, and saturate the 
filter paper that lines the jar to produce 
a saturated atmosphere. Insert the Chro
magram sheet in the jar and let it de
velop for about two hours. Remove the 

ring 
�stand 

Details of the separatory funnel 
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Star light, 
star bright, 

brighter, brightest ... 

VARIABLE 
STARS 

J. S. Glasby 
A long-needed guide to 

all that is known to

day of the many dif

ferent kinds of stars 

with brilliances that 

change in both pre

dictable and unpre

dictable manners. 

Whether you are an amateur or 

a p r o f e s s i o n a l  astronomer,  

whether your apparatus is  ad

vanced or of the back-yard vari

ety, this book, giving an overall 

pict�re of what has so far been 

discovered about variable stars 

will prove fascinating. 

The study of variable stars is an 

extremely large area of present

day research. Over 25,000 such 

stars are known and hundreds 

are being added each year. Now, 

one of the world's noted astrono

mers reviews the work of the 

past fifty years, with full details 

of discovery and nomenclature, 

stellar spectra and temperatures, 

three-color photometry, and each 

of the twenty-four classes of 

variable stars. 61 figures; 25 
tables. $6.95 

Also Important 
for Astronomers: 

EARTH, MOON, AND PLANETS 

by Fred L. Whipple. Third Edi
tion .. thoroughly revised. A u
thoritative account of our knowl

edge of the solar system, with 

latest findings from spacecraft 

and radar. 180 illustrations. $7.25 

-- --ORDER HERE ----
Harvard University Press, Dept. SA3 
79 Garden Street, 
Cambridge, Mass. 02138 
Please send me: 

o VARIABLE STARS @ $6.95 per copy. 

o EARTH, MOON, AND PLANETS 
@ $7.25 per copy. 

o Payment enclosed (books sent postpaid). 

NAME . . . . • . . . • • • • . . . • . . . . . . . • . . . . . . . • . •  

ADDRESS . . . . . . . . • . . • . . . . . . . . . . . . . . . . . • •  

CITY . . . . . . . . . . . . . • • . . . . . • . . . . . . . • . . . . • •  

L:TATE :..:.:.:...:.. .. :_:.:_: .. � .:.:.:.:...ZIP . . ...:.:.:.:...� 
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Separated dansyl derivatives 

sheet and let it dry for about 15 minutes. 
To the eye the sheet will appear blank. 
The acids must be made visible by 
chemical treatment. 

"Spray the coated side of the dried 
strip with a .2 percent solution of nin
hydrin in acetone. Colors will form at 
the sites of resolved acids when the 
sprayed sheet is heated in an oven at 100 
degrees C. for a period of from two to 
five minutes. The color can be enhanced 
by adding colli dine (2,4,6-trimethylpyri
dine) to the ninhydrin-acetone solution 
just prior to the spraying operation. Use 
one drop of collidine per 100 cubic cen
timeters of the ninhydrin-acetone solu
tion. 

"In the second experiment we made a 
chromatogram that displayed five dansyl 
derivatives both as individual substances 
and as the separated components of a 
mixture. This scheme enabled us to iden
tify the separated components of the 
mixture by comparing the distance each 
fraction migrates with the migration dis
tance of each known substance. The 
analysis is made on an uncut East
man Chromagram sheet (an eight-inch 
square) that is coated with silica gel. Just 
before use the sheet must be heated for 
15 minutes in an oven at 100 degrees C. 
to activate the coating. The mixed deriv
atives are applied to adjacent corners of 
the uncut sheet, say an inch from the 
bottom and an inch from the sides. Make 
the mixture by successively applying to 
each location one microliter of each of 
the five substances. Allow each specimen 
to dry before applying the next one. 
Make a record of the sequence, such as 
'Left to right : dns-cystine, dns-serine, 

dns-glycine, dns-alanine and dns-valine.' 
Reference to this record will enable you 
to identify the separated components of 
the mixture. 

"Prepare the wash solution by adding 
to 80 parts of benzene 20 parts of pyri
dine and five parts of acetic acid, by vol
ume. Line the rectangular jar with filter 
paper that has been saturated with wash 
solution, immerse the lower edge of the 
sheet in solution to a depth of approxi
mately 10 millimeters and cover the jar. 
The solution will migrate a sufficient dis
tance within 30 minutes. Remove it and 
let it dry in the air. The coating will 
show no visible trace of the derivatives. 

"To see the resolved specimens, ex
amine the sheet under an ultraviolet 
lamp in a dimly lighted room. Any kind 
of ultraviolet lamp can be used because 
the specimens fluoresce when exposed 
to either long or short ultraviolet rays 
(254 or 360 millimicrons). Observe that 
the serine and glycine derivatives are 
clearly resolved, although they do not 
separate as free amino acids. It can also 
be shown that other amino acids, such 
as proline and phenylalanine, separate 
well as free acids but migrate close to
gether as dansyl derivatives. Differences 
of this kind suggest how thin-layer chro
matography, combined with the proce
dures of classical chemistry, has become 
a powerful tool for unscrambling mix
tures of complex substances." 

Most of the fluids and reagents used 
in these experiments are toxic and some 
are highly flammable. Avoid inhaling the 
fumes. Work in a well-ventilated room 
and keep all materials away from sparks 
and open fires. 
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by Salvador E. Luria 

BIOLOGY, by Helena Curtis. Worth Pub
lishers, Inc. ($1l.50). 

The publication of this new biology 
textbook is a welcome occasion to 
take a fresh look at some aspects 

of teaching introductory biology in an 
American college. I have two reasons for 
wishing to formulate my ideas on the 
subject. First, my qualifications for do
ing so are both minimal and optimal: I 
have been involved in teaching intro
ductory biology for the first time in my 
life after teaching other courses in bi
ology for the past 25 years. After being 
for so many years a client of the intro
ductory biology courses, which prepared 
the ground for the more specialized 
crops I tried to sow, I am now myself a 
tiller of the (almost) virgin soil. 

Second, the work I shall review here 
is a somewhat unusual textbook of bi
ology. It represents an experiment in col
laboration, having been written by an 
experienced science journalist working 
under the sponsorship of a young pub
lishing company and with the expert 
advice of a distinguished roster of con
sultants who are active investigators in 
different areas of biology. The result is in 
my opinion the forerunner of a new crop 
of biology textbooks in which several 
practitioners of experimental biology co
operate in producing a single work (not 
a series of pamphlets) that addresses the 
beginning biology student with a voice 
from the laboratory rather than from the 
classroom. 

These two reasons, my involvement in 
teaching introductory biology and the 
trend toward a new kind of collaborative 
textbook writing, are not unrelated. The 
process that creates the demand for such 
textbooks is the same one that brings the 
likes of me-microbiologists, biochem
ists, biophysicists, geneticists and physi
ologists-to the beginning-biology class
room. It is the outcome of developments 

BOOKS 
On teaching biology in 
a biological revolution 

that have taken place in biology in the 
past quarter-century (more particularly 
since 1953, when molecular biology 
came of age). 

Why are these developments critical 
in the teaching of biology? They are 
critical in the same way, I believe, that 
developments in physics and physical 
chemistry between 1925 and 1950 were 
critical in reshaping the teaching of 
chemistry all the way to the beginning 
college course level. 

The developments in biology do not 
represent a "revolution" but are rather a 
fulfillment of the biological revolution 
that began' in the 19th century with 
Darwin and Mendel. It is worth reflect
ing on the nature of these events if we 
are to understand the demands they 
make in the classroom on student, teach
er and textbook. 

What has happened is that the struc
ture of biology as a science has not only 
become unified but also been made ex
plicit. What do I mean by this? Biology 
as a science was unified by the theory of 
evolution. Since Darwin's time we have 
known that biology is the science of the 
Single historical process-evolution-that 
has created the array of organisms that 
exist today, flowing from past arrays of 
organisms and representing the unique 
source for all future forms of life. Biology 
is history in the same sense that the rec
ord of human affairs is history-the his
tory of successful or abortive lines of 
descent, of new inventions (such as pho
tosynthesis or the spinal cord), of their 
trial in the marketplace of natural selec
tion, of the conquest of new ecological 
niches and of the effects of such con
quests. It is the story of how the present 
state of the living continuum is related to 
its past states and of how the present 
acts as the gateway through which the 
future is formed. 

The biologist has one advantage over 
the historian. He knows the motive force 
of his process-natural selection-and he 
understands its workings and the materi
al on which it works much better than 
the historian knows or understands the 
forces that shape the course of human 

events. Natural selection works on or
ganisms and determines the frequencies 
with which an individual organism ex
isting at time tl will be represented by 
its heredity in the array of organisms 
that will exist at time t2. The evolution
ary record, however incompletely it is 
known, is unified by our certainty of its 
historical continuity and by our aware
ness of the directing process. 

Yet the theory of evolution by natural 
selection can exist, and in fact it did 
exist for a long time, in the absence of 
any explicit statement about the ma
terial substrate of the underlying con
tinuity. We can state that flagellates 
were probably ancestors of algae, or that 
a planarian worm may have been the 
common ancestor of most of today's high
er animals, without postulating anything 
about the molecular continuity between 
the members of these lines of descent. To 
put it another way, evolution as the uni
fying principle of biology can be studied 
and verified without knowing any ge
netics; the probability that organism X 
existing at time tl will be represented by 
n descendants at time t2 can be defined 
without knowing how X conveys its 
hereditary specifications to its heirs. 

The emergence of genetics was the 
next step in biology. The substrate of the 
continuity of life processes now became 
the Mendelian factors, or genes, whose 
persistence and mutation were revealed 
(indirectly!) by the observation of detect
able biological traits and by statistical 
inferences on their combinatorial be
havior. This "Mendelian view of the 
world," to use James D. Watson's phrase, 
was still basically formal. It first ac
quired material content with the identi
fication of chromosomes as the carriers 
of genes in specific sequences. Next 
came the conversion of the Mendelian 
factors into the Muller-Delbriick genes: 
large molecules with a precise individ
ual structure, whose mutations were 
changes in that structure. In time these 
molecular genes became identified with 
segments of nucleic acid fibers charac
terized by specific sequences of nitrog
enous bases. With the clarification of 
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the molecular structure of the gene 
came the understanding of gene func
tion and of its thrilling evolutionary as
pect: the universality, or at least near
universality, of the genetic code. This 
proved that evolution had perfected and 
preserved very early (and had since then 
jealously preserved) not only a unique 
structural basis of specificity but also a 
unique way of using it. 

This is what I mean when I say that 
the structure of biology has become uni
fied and explicit. It is the science of a 
historical continuum, whose continuity 
is embodied in the specific mutable 
structure of the genes, and whose evolu
tion occurs by natural selection acting 
on individual organisms that are the in
tegrated expression of specific sets of 
genes. What biologists do is to explore 
the nature and function of the genes, 
their expression in the growth and func
tion of organisms, the production of new 
generations of organisms from the pre
ceding ones, the array of organisms that 
actually exist, the ancestral relations of 
existing organisms and the mechanisms 
of natural selection that bring about a 
specific state of the living world. 

If this picture of the content and prac
tice of biology is accepted, it becomes 
the task of any biology course, whatever 
the preparation and goals of the students 
may be, to enable them to understand 
the structure of biology and the role the 
various specialized activities of biologists 
play in the exploration of the living 
world. This formulation may seem ob
vious, particularly to those who are 
well acquainted with the molecular, ge
netic and evolutionary aspects of biolo
gy. It nonetheless calls for a number 
of changes in the tradition of certain 
branches of biology and in the practice 
of biology teaching. For example, under 
the impact of molecular genetics bio
chemistry is cautiously reorienting itself 
around the central questions of the 
structure, synthesis and function of spe
cific large molecules and assemblies of 
large molecules: nucleic acids, proteins 
and membranes. Biochemistry has just 
begun to view its traditional concerns 
with energy metabolism, the intercon
version of metabolites and the storage of 
reserve substances as being important 
but not central aspects of the chemical 
drama of life. It was not long ago that 
one heard statements such as "Life is 
the story of the flow of energy in the 
organic world." Today this statement 
can be regarded as a grave distortion, 
focusing as it does on the means instead 
of the goal. 

Another example is what is happening 
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to the cell theory, one of the main gen
eralizations of biology. With the growth 
of molecular biology the cell theory is 
being converted from a morphological 
concept to a molecular one. The cell is 
now viewed operationally as a chemical 
domain within which specific membrane 
structures segregate, orient and position 
the functional components of the chemi
cal machinery. 

A third significant change is in the 
role that certain organisms-bacteria 
and bacterial viruses-are now playing 
in biology and must play in any course 
that wishes to present biology as it really 
is. Most of our knowledge of the syn
thesis of proteins and nucleic acids and 
of the structure, function and regulation 
of genes comes from work on these or
ganisms. It is clearly important for the 
student to understand their phYSiology 
if he is to grasp the role they play in 
molecula,r genetics. 

My thesis is that biology has a well
understood structure and that it is pos
sible to organize a course presenting that 
structure in a straightforward fashion. 
Such a course, whether it is directed to 
nonscience students or to future scien
tists, should convey the feeling of why 
biology is a pursuit that interests people 
other than "born" naturalists, Today bi
ology is the frontier science, the science 
where progress is being made at the fast
est pace and whose call attracts some of 
the most brilliant minds of the younger 
generation. 

In outlining one possible version of 
such courses I should emphasize my 
debt to others who have given much 
thought to these problems, notably Cy
rus Levinthal, who designed the first 
modern course in introductory biology 
offered at the Massachusetts Institute 
of Technology, and James Watson, who 
with his book Molecular Biology of the 
Gene has provided a model for the pre
sentation of molecular biology to stu
dents. 

I believe it is important to introduce 
at the outset of a course the fundamental 
concepts: organism, gene and evolution 
by natural selection; the organism as the 
individual protagonist of the evolution
ary process and the gene as the material 
element of continuity in evolution. Then 
one introduces the cell as the domain of 
specific chemical processes. The fact that 
bacteria are single-cell organisms makes 
it possible to begin our story with the 
life cycle of a bacterium such as Es
cherichia coli, whose growth processes 
can be quantified and interpreted in 
terms of the chemical conversion of non
specific substrates to specific large mole-

cules. With E. coli as a model system it 
is quite easy to illustrate concepts such 
as nutritional requirements, the trans
port of substrates, the role of intracellu
lar pools )f metabolic intermediates, the 
utilization of energy to drive synthetic 
reactions and the interplay of energy 
metabolism with biosynthetic processes. 
The important thing is that by dealing 
with bacteria one can present these top
ics in terms of specific experimental 
measurements and operations even in a 
course for beginners. The reason is that 
in bacterial physiology the experimental 
relations among nutrition, growth and 
biosynthesis are more immediately obvi
ous than they are in work with higher 
organisms. Moreover, a comparative dis
cussion of the metabolism of a few bac
terial species and of other cell types in
troduces topics such as photosynthesis 
and the evolution of metabolic path
ways. 

Having focused from the beginning 
on specific large molecules as the goal of 
the entire metabolic process, one can 
then discuss the structure of proteins 
and nucleic acids as the level at which 
the significant specificities appear. It is 
confUSing in a general biology course to 
deal with these substances on the same 
basis as fats or complex sugars, as though 
molecular size rather than specificity 
were the criterion. The concepts of pro
tein structure and conformation and the 
roles of various types of chemical bond 
in determining them are best illustrated 
in terms of enzyme function. By discuss
ing the molecular regulation of enzyme 
catalysis (such as feedback activation 
and inhibition) one gives the student a 
feeling for the precision with which nat
ural selection influences specificity at 
the molecular level. The discussion of 
protein and nucleic acid structure leads 
directly to molecular genetics: the repli
cation of DNA, the synthesis and func
tion of RNA, protein syntheSiS, the ge
netic code and the regulation of gene 
action-topics that for the time being are 
known almost exclusively from experi
ments on bacteria and bacterial viruses. 

The transition from the molecular ge
netics of bacteria and viruses to the for
mal genetics of higher organisms is then 
made by explaining the alternatives of 
haplOid and diplOid (one set of chromo
somes v. two), the meaning of meiosis 
(the reduction of two sets of chromo
somes to one), the evolutionary implica
tions of heterozygosity (different genes in 
a pair instead of identical ones) and oth
er concepts of population genetics. A 
critical discussion of the alternation of 
haplophases and diplophases in the life 

© 1969 SCIENTIFIC AMERICAN, INC



Take this 350-page trade edition of our 

UNOBTAINABLE OUTSIDE 
BOOK TRADE EXCEPT FOR 

MEMBERS OF 
AMERICAN BOOK CLUB 

Huge 3S0-page Master Catalog lists 
full 20,000 books in print. Every 
title at guaranteed discounts of at 
least 30% (never less!) to as much 

j:c�: ��c����::e
h
g
a

O
r
rJe�o:�� �S::d 

paperback, fiction and non-fiction. 
best sellers and classics. even 
multi·volume reference works, en· 
cyclopedias and colleRe texts. NO 
EXCEPTIONS! Discount always 
shown side-by-s jde with reRular 
retail price so you can compare 
in every case. No commitment to 
buy any number of volumes. Order 
any book in print th rouah club di· 
rect from warehouse. No excep
tions. No middleman. Your dis
count always based directly on 
wholesale price. You nner pay list 
price for any book, ever. Request 
your Master Catalog now. 

Your "no-strings" gift from 

the American Book Club. 

No obligation to buy 

a thing. Keep Cata

log FREE even if 

you decide not 

to become a member. 

Save up to 81% on every n p nt-no limit on what 
you buy-no commitment to take any number of volumes! 

Mail the coupon on this page at once to re
ceive your complimentary trade edition of 
our unabridged MASTER CATALOG OF 
BOOKS IN PRINT, and begin a trial mem
bership in the American Book Club. Mem
bership does not obligate you to buy a thing. 
But it does entitle you to ... 

1. Order any and all books in print at dis
counts up to 81%. Even newest releases. 
NO EXCEPTIONS! 
2. Choose from all books of all publishers 
-Random House, Knopf, Doubleday, Har
per & Row, Simon & Schuster, Harvard 
University Press, etc. Even rare or "spe
cialist" publishers. NO EXCEPTIONS! 
3. This includes all books of all categories 
-hard cover and paperback, fiction and 
non-fiction, best sellers, scientific and tech
nical, religious, art, even multi - volume 
references, encyclopedias and college texts. 
Naturally, all books offered by other book 
clubs are included too. Everything between 
two covers. NO EXCEPTIONS! 
4. Most important - you can make these 
amazing purchases without involving your
self in a single "commitment" of any kind! 

What's the catch? There is none! 

Unlike any general or specialized book club 
-no one at American Book Club says you 
MUST do this or you CAN'T do that. There 
are NO restrictions. NO quotas to buy. NO 
OBLIGATIONS WHATEVER. And posi
tively NO unwanted books shipped or billed 
to you because you forgot to return an irri
tating monthly card. (There are NO cards to 
return.) 

In fact we ask nothing at all of you, 
except this: 

Please request your complimentary Master 
Catalog at once. Quantities earmarked for 
trade houses, publishers, schools and librar
ies are severely limited. Do not miss obtain
ing a copy of this book-industry "Bible" by 
delaying too long. With member discounts 
guaranteed as high as 81 %, the price you 

formerly paid for just one book can now get 
you up to five. And get them for you FAST. 

Same-day service guaranteed 
on every order 

Never the 5- to 6-week delay that is standard 
with other clubs. Even "special requests" are 
processed as fast as best sellers. And that 
means-the same day received. 

We never foist "Club editions" on you 

You may not know it but-many selections 
received by members of other clubs are what 
the trade calls "club editions." (Look for the 
"tip-off" phrase, "Book Club Edition", on 
their flaps.) But we never give you "club edi
tions." Never give you cheaper paper, small
er type, or bindings that stain your hands and 
fall apart. You receive only the GENUINE 
PUBLISHER'S EDITION, brand-new and 
bindery fresh. The same item selling for up to 
four times the price in the bookshop around 
the corner. 

Order direct from Master catalog-
sent to you free 

If you can't find a book in your Catalog 
(scarcely conceivable!}-order it anyway. You 
still get it at a full 15% discount. 

Monthly newsletter also sent to you-FREE 

For books published after you get your Master 
Catalog-rely on the club's fascinating monthly 
newsletter: "Bookmarker". It's a sprightly 
written survey of new books, including nu
merous late-breaking bargains even beyond 
the normal club discount! 

To begin enjoying full club privileges at once, 
mail the coupon with only $5. This one-time 
fee entitles you to lifetime membership. You 
never have to renew-and never pay another 
club fee, ever. You'll probably save many 
times the token membership fee on your first 
order alone. (Especially since as a member 
you never have to pay us a state or city sales 
tax of any kind-no matter where you live!) 

Money-back guarantee is unconditional 

If after joining you don't agree the American 
Book Club is all we said and more ... or even 
if you've simply changed your mind ... just let 
us know within 10 days after receiving your 
catalog and your membership will be can
celled without obligation. Your membership 
fee, of course, will be refunded at once. BlIt 
the 35D-page trade edition of our unabridged 
Master Catalog of Books in Print is YOllrs to 
keep regardless. 

Naturally, every book you buy through the 
club must satisfy you 100%; otherwise feel 
free to return it within 10 days for a full re
fund. No questions asked. 

Right now join the growing number of stu
dents, teachers, professional men - even 
schools and libraries-who now buy direct 
from the Master Catalog. At savings of up 
to 81%.Mail coupon now to: American Book 
Club, Wilmington, Delaware 19899. 

r IMJIIg.);lid81g;J 61l•II-.., 
American Book Club 
Wilmington, Delaware 19899 

88 

Yes, please rush MASTER CATALOG free and 
enroll me as a trial member in American Book 
Club. Membership doesn't obligate me to buy 
a thing but does entitle me to order every 
book in print at discounts up to 81 %, plus 
shipping. Enclosed is my one-time membership 
fee of $5 (never another club fee for the rest 
of my life). If not 100% satisfied I may return 
any book within 10 days for full refund. If not 
happy with the club itself, I need only let you 
know within 10 days. My membership will be 
cancelled and my fee refunded in full. But the 
Catalog will be mine to keep regardless! 

Name ____________________________ __ 

Add ress __________________________ __ 

City Slate _______ Zip ____ __ 

L ________________ J 

133 

© 1969 SCIENTIFIC AMERICAN, INC



The story behind the 
headline-making synthesis 
of ribonuclease -
in the first 
fully detailed 
book on enzymes 
for the general reader 

By DAVID M. LOCKE 
Here is the full story of the 
discovery and history of those 
magical catalysts of the body 
that science and industry are 
just beginning to use on a large 
scale. Tells how enzymes work, 
and how they can be utilized 
in such diverse fields as 
medicine, baking, brewing, 
and plumbing. 
$5.95, now at your bookstore '€t� 

419 Park Avenue South 
New York, New York 10016 

miniature 

all purpose calculator 

Weighs only 8 oz. 

TH E CURTA I S  A PRECISION 
CALCULATING MACHINE FOR 
ALL ARITHMETICAL OPERATIONS 
Curta adds, subtracts, multiplies, divides, 
square and cube roots, continuous multi
pi ication, negative multipl ication, standard 
deviations and all statistical calculations, 
squares and higher powers, co-ordinates and 
associated land survey formulae, and every 
other computation arising in science and 
commerce ... Available on a trial basis. 
Price $125.00. Write for literature. 

CURTA COMPANY 

DEPT.SA-3 P. O. BOX 3414 

V AN N U Y S. CAL I FOR N I A 

134 

cycle of different organisms clarifies the 
regularities behind the seemingly bewil
dering array of life histories. It also in
troduces in a natural way the dichotomy 
between plants and animals and pro
vides a rational transition to the topics 
of development, differentiation and the 
genesis of organs. 

Embryology can now be presented as 
the answer to the problem of delegating 
different functions to different organs as 
the size of the organism increases. Much 
of animal and plant physiology can be 
discussed in terms of the differentiation 
of specialized organs for food process
ing, movement, sensation, coordination 
and reproduction. The description of the 
main plant and animal phyla and their 
subdivisions, to whatever depth it is car
ried, then becomes the story of how the 
problems of differentiation have been 
solved. \i\1ithin this framework one can 
discuss the main areas of evolutionary 
biology: taxonomy (the rational assess
ment of relatedness among organisms), 
paleontology (the study of the record of 
past solutions) and ecology (the analYSis 
of the elements through which natural 
selection chooses some favorite sets of 
solutions). As a complement to such a 
course some discussion of other historical 
sciences may be valuable: cosmology 
and the problem of the origin of life on 
the one hand and the relation between 
biological and cultural evolution on the 
other. 

This outline is obviously not meant 
as a dogmatic prescription. It is just one 
example of how the contents of a mod
ern biology course can be formulated 
once we accept certain basic premises of 
what the structure of biology is. The es
sential feature is that the organismic 
and the molecular-genetic outlooks are 
not placed side by side in uneasy cohab
itation but are fully integrated by the 
persistent use of genetic concepts, by 
the use of bacteria as model one-cell or
ganisms and by the emphaSis on speCific 
large molecules as both the master plan 
and the production goal of life processes. 
In my opinion a textbook should concen
trate on the kind of dual unity I have 
tried to emphasize: the evolutionary 
unity and the molecular one. 

How does the Curtis book fare in this 
respect? III spite of its earnest intentions 
in the right direction, which are quite 
unusual in a text for a first course in col
lege science, it is not wholly successful. 
The unifying role of evolution emerges, 
but the essential nature of what is uni
fied and how is not made explicit enough 
to provide the backbone for a fully co
herent course. The attention drifts too 
soon from the simple to the complex; one 

has gone from molecules to cells to or
ganisms before one knows what the re
lations among them are. The presenta
tion of biochemical processes, although 
it is fairly detailed for a text at this level, 
does not come into focus because it does 
not keep in view the main goal of these 
processes: the syntheSis of specific large 
molecules within the chemically con
trolled environment of the cell. The 
section on molecular genetics is well 
organized but it comes too late; it is 
too isolated from its biochemical back
ground and too weak in its foundation 
of bacterial physiology to be convincing. 
It seems more an introduction to an ex
citing world of work in progress than an 
account of a main foundation of biology. 

Some features of the Curtis book are 
excellent. The style is charming, and the 
writing is uniformly clear and engaging. 
The passages on development are clear
er than they are in most texts, those on 
the various types of organism are read
able and entertaining, and the section on 
behavior is a welcome experiment in 
coordinating the psychological aspects of 
biology with the organismic ones (even 
though the author is too generous in her 
comments on some biochemical studies 
of memory). There are very good ex
planatory diagrams, particularly those 
accompanying the electron micrographs. 
I should like to see an even greater use 
of diagrams to explain certain key ex
perimental procedures and findings step 
by step. 

Another good feature of Mrs. Curtis' 
book are the occasional short essays on 
special topics, which make it possible 
to interject comments and digreSSions 
without breaking the continuity of the 
text. They should also be useful in teach
ing students to organize their thoughts 
clearly and SUCcinctly in scientific writ
ing. All in all, Mrs. Curtis and her pub
lishers are to be complimented on this 
book, which will certainly see many edi
tions. Possibly some of my comments 
will be helpful in future revisions. I only 
wish that all textbooks were written with 
the same verve, enthusiasm and charm. 

Shorter Reviews 

by Philip Morrison 

CHEMICAL AND BIOLOGICAL vV ARF ARE: 

AMERICA's HIDDEN ARSENAL, by 
Seymour M. Hersh. The Bobbs-Merrill 
Company ($7.50). THE SILENT WEAP

ONS, by Robin Clarke. David McKay 
Company, Inc. ($4.95). UNLESS PEACE 

COMES: A SCIENTIFIC FORECAST OF NEW 

WEAPONS, edited by Nigel Calder. The 
Viking Press ($5.75). All of us, like sheep 
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A Keener 'Nose' for 802 
The air we have to live on is becoming more and more 

polluted by the by-products of industry and transport. 

Monitoring the level of pollution could be a first step 

towards its control. Sulphur dioxide has long been 

recognized as a reliable indicator of the state of air 

pollution. Information about the SO, level in the air, 

as a function of place and time, could indicate, and 

even predict, dangerous situations. However, SO, 

detectors have hitherto required too much supervision 

to be suitable for a large operating system. 

When Mr. H. J. Brouwer at Philips Research Labora

tories, in consultation with Mr. H. Zeedijk from the 

Eindhoven Technical University, started the design of 

an improved SO, monitor, he realized that a built-in, 

reliable chemical calibration source would greatly 

reduce problems of long term accuracy. Furthermore, 

the measuring cell proper should require a minimum 

of maintenance. 

Unlike most of its fore-runners, the new monitor 

functions on the principle of continuous coulometric 

titration. When SO, enters the cell, it reacts with 

bromine, thereby lowering the Br, concentration and 

thus the redox potential. This is sensed by the measuring 

electrode, which, via an amplifier, controls an electric 

current into the solution. This current replenishes Br, 

by electrolysis of KBr and is a direct measure of 

momentary SO, contents of the air. 

The SO, calibration source consists of a vessel, with 

a small hole, filled with SO,. The hole is covered with 

a plastic membrane into which SO, may dissolve. 

SO, diffuses through the membrane and evaporates at 

the other side. The product of solubility and diffusion 

constant, which determines the 'Ieakage' has a temper, 

ature coefficient of only one per cent per degree C. 
A simple thermostat suffices to keep the required 

accuracy. 

Dust, 03 and H,S are filtered from the incoming air 

stream, because the latter two would react with 

the cell contents in a way similar to SO,. An air flow 

switching system provides for three states- 'zero', . cali

brate', and 
'

measure'. In the 'zero' position the air first 

passes an active coal filter, which removes SO,. The 

loss of bromine then indicated by the current is due to 

evaporation. In the 'calibrate' position the cleaned air 

passes the SO,-source and is thus polluted to a known 

extent. This fixes a second point on the linear scale. 

In the' measure
' 

position the air stream, with unknown 

SO, contents, is led through the cell. 

The detection limit, as well as the zero drift per day, 

obtained with the new monitor, is down to below 

0.01 parts per million, a level typical for a nature park 

- in a non-volcanic region, of course. 

We now have a monitor, able to provide stable, 

unattended operation for periods up to three months, 

as required in a national system for automatically 

monitoring the air above the Dutch polders. 

sensing 
electrode 

to telemetry system 

cell reactions: IS021+ 2H20 + Br2 -;. 4H+ + S04-- + 2Br-
2Br- -;. Br2 + 12 e-I 

S02 measuring cell 

In the Research Laboratories of the Philips group of 

companies, scientists work together in many 

Held, of ,o;e",e. Amo"" the,e ""' Aco",U". re 
Cryogenics, Information Processing, Mechanics, 

Nuclear Physics, Perception, Solid State, Tele

communications and Television. 

This work was carried out at the Philips Research Laboratories, Eindhoven, the Netherlands. 

PHILIPS 
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This bird sanctuary 
Imagine a tiny green hump of an island in 

a Louisiana swamp. Its total area is less than 
five square miles. 

Put two hundred houses on it and seven 
hundred people. Add one of America's largest 
rock salt mines , the Tabasco® sauce factory 
and over a hundred oil wells. And what have 
you got? Overcrowding? 

Quite the opposite. Avery Island seems al-

most undiscovered. A place for the painter and 
the poet. 

Its bird sanctuary sits in a 200-acre garden. 
Here you find irises from Siberia. Grapefruits 
from Cochin. Evergreens from Tibet. Bamboo 
from China. Lotuses from the Nile. Soap trees 
from India. Daisies from Africa's Mountains of 
the Moon. And the world's most complete col
lection of camellias. 

The sanctuary itself is a sight for any sore
eyed conservationist. It was established twenty
six years ago by Mr. Edward A. McIlhenny, a 
member of the family that has owned the island 
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is an oil field. 
for 152 years. It had one purpose. To save the 
snowy egret from extinction. 

Known as Bird City, the sanctuary started 
with only seven egrets. Now, over 100,000 nest 

f around its man-made lake every year. T o  see 
these alabaster birds sharing their Eden with 
herons, ducks, coots, swans, cormorants, tur
tles, deer and alligators is almost a primeval 
experience. It seems to put the clock back to 
the beginning. 

And, wherever you wander on this peace
ful island, you have to look hard to spot the oil 
wells. Many are hidden by grandfatherly oak 
trees bearded with Spanish moss. Others are 

screened by banks of azalea and rhododendron. 
To Jersey's affiliate, Humble Oil & Refining 
Company, this respect for environment is only 
right and proper. 

The oil industry provides Louisiana with 
one-third of its total revenue. But even this con
tribution would be a poor excuse for defiling 
beauty or disturbing wildlife. 

Amen say the egrets. 

Standard Oil Company 
(New Jersey) 
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She waited 30 years 
for this trip. 
And 3 seconds for 
her reservation. 

That's all the time it takes for a clerk at Air France 
to confirm a reservation. She simply types a 
number on a keyboard. Instantly the flight 
information she needs flashes on a small TV-like 
screen in front of her. 

The electronic display system that responds so 
quickly is made by Raytheon. Often linked to 
computers miles.away, these displays are improving 
service for a growing number of airlines. 

Raytheon is helping make our everyday living 
more convenient in many other ways, too. 

In the kitchen, for example, housewives can 
bake or broil and never worry about oven cleanup 
with new self-cleaning gas ranges from Caloric, 
a Raytheon subsidiary. 

In the classroom, teachers now test while they 
teach, instantly evaluate students' comprehension, 
using Raytheon electronic response systems. 

At Raytheon, common threads of technology 
run through and weave together our diverse and 
growing businesses ... in space and defense 
systems, natural resources, education, home 
appliances, electronic components, communications, 
and marine electronics. Raytheon Company, 
Lexington, Massachusetts 02173. He learns more, learns faster using a 

student response system. 

Raytheon makes things happen. 
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"BIDDER and BETTER"* 
When you want to 

write scientifically . . •  

Let this necessary working 
tool help you get your 

material out 
in 100% perfect shape. 

THE UNIVERSITY 
OF CHICAGO PRESS 
MANUAL OF STYLE 

Twelfth Edition I Completely Revised 

Prepared by the Editorial Staff of 
the University of Chicago Press 

What are the rules of good manuscript 
preparation, copy editing, typesetting 
and proofreading for scientific and 
technical theses, dissertations, arti
cles, and books? How do you set up 
tables, charts, figures, line drawings, 
and halftones for maximum clarity 
and conciseness? Are italics or quota
tion marks correct with special termi
nology and technical terms - in either 
standard or non-standard usage? 
What are the rules for spelling and 
abbreviating the scientific and vernac
ular terms - in English, Latin, and 
foreign languages - in botany, zool
ogy, geology, astronomy, medicine, 
mathematics, p,hysics, and chemistry? 
What are the proper signs and sym
bols for different laws, principles, for
mulae, and theorems? What are the 
rules for footnotes, citations in the 
text, bibliographies, appendixes, and 
indexes? 

The Chicago Manual of Style will an
swer all these questions. It is now 
more than 90% new and even more 
necessary than ever. Since 1906, it has 
been a sine qua non among editors and 
authors, publishers and prin ters, schol
ars and all people who live by the 
printed word. 

Now in its 12th edition (the first revi
sion since 1949 and the most extensive 
ever made), it follows the step-by-step 
creation of a book from start to finish. 
It is the most modern, complete, and 
carefully organized guide of its kind 
ever published. Its significant increase 
of attention to the technicalities of 
preparing copy for scientific publica
tions makes it an essential acquisition 
for any researcher or serious writer. 

"Bigger and better than its predeces
sors ... all copies of the 11th edition 
will need to be replaced ... for over 
half a century, it has stood without 
peer as a primary reference tool ... so 
complete that to find significant omis
sions could become a challenging par
lor game."-*Publishers' Weekly 
Until June 30, $7.50; thereafter, $10.00 

ORDER YOUR COPY BELOW 
,..---------------...., 

To your bookstore, or 

UNIVERSITY OF CHICAGO PRESS 
DEPT. SA-3 
67 50 Ellis Avenue, Chicago, Illinois 60637 

Please send me ... ;.. copies of the new 
12th edition of the Chicago MANUAL OF 
STYLE at $7.50 per copy. My check is 
enclosed. I understand that if I am not 
completely sold on the book's value to me 
after using it for two weeks, I may return 
it in salable condition for a full refund. 

Name . . . . . . • . • . . . . . • . . . . . . . . . . . • . . • . . . •  

Street ................................ . . 

City . . . . . . . . •  ; . •  State ........ Zip ...... . 
After June 30,1969, price will be $10.0 0 

1- _ _ _ _ _ _ _ _ ______ -1 
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and garden beetles, are wired with neu
rons. At the splices a special messenger 
substance is secreted to bridge the gaps. 
That substance is removed by a particu
lar enzyme in the normal process of turn
ing each nerve signal on and then off; a 
very small number of enzyme molecules 
suffice for the task. Organic phosphates 
of one kind or another can quite spe
cifically bind up the enzyme, inactivate 
it and so promote unending firing of the 
nerves until sheep, beetle or man dies, 
twitching, secreting, erectile and self
strangled. It takes five or 10 grams in
gested or absorbed to kill perhaps 6,000 
sheep, which seems to be the story of the 
1968 incident at Dugway Proving 
Grounds. Atropine-the active principle 
of belladonna-is a special antidote: if a 
good dose is given promptly, one sur
vives a few milligrams of the poison. 
These weapons-they are Gelman de
velopments from World War II, im
proved in persistence and contact ef
fectiveness in Britain and the U.S. in 
the 1950's-are operational. They are 
made here from Muscle Shoals phos
phate, after R. and D. at Edgewood Ar
senal, synthesized into organic molecules 
at plants near Denver and Terre Haute, 
loaded into a wide variety of shells and 
grenades and canisters, then stored at 
those depots or shipped closer to the 
front. 

The biologicals are subtler and chanc
ier. Gruinard, an offshore island near 
Scotland, is still closed to visitors be
cause of tests. with anthrax spores car
ried out there 25 years ago. The experts 
think it may remain infected for a cen
tury. Fort Detrick at Frederick, Md., 
develops such weapons with great re
sources and considerable success; they 
have been produced in quantity, loaded 
for battle in the Army's plant at Pine 
Bluff, Ark., and stored; none have been 
sent, they say, to Vietnam. The identity 
of specific operational biological weap
ons is not public knowledge, but there 
are hints and signs. A Fort Detrick re
searcher survived an infection of pneu
monic plague in 1959; the disease is nor
mally 90 percent fatal. The commonest 
accidental infection reported among the 
Fort Detrick workers is tularemia; half 
a dozen other infections are seen. The 
Army gave its highest honor for civilians 
a few years back to a Fort Detrick scien
tist "for her contribution to the develop
ment of the fungus" of rice blast, a com
mon and costly disease of paddy rice, 
the world's principal food crop. Psycho
chemicals such as LSD are still too un
certain in their effect, but given 15 years 
of study they might become practicable. 
A secret substance called BZ is now op-

erational in the U.S. as an incapacitating 
agent. It may be an anesthetic or a psy
chochemical. Its effects include disorien
tation, drowsiness, hallucination "and 
sometimes maniacal behavior." The ef
fects are temporary. 

The chemicals require doses two or
ders of magnitude larger in mass than 
the infectious agents, but drying, sun
light and oxygen soon inactivate most of 
the biologicals. An aerosol-fine dust or 
tiny droplets-is the chief method of de
livery for both. Continent-wide attacks 
still seem beyond man's skills; the chemi
cals would be too heavy for anything 
but a huge, vulnerable air Beet, and 
most biologicals cannot be spread so 
widely and remain active. Locally, 
against this province or that or against 
enemies without air defense and public 
health and stores of vaccines and atro
pine and optical aerosol detectors-who 
knows? One should also bear in mind 
the possibility of covert use; these weap
ons are silent. 

Are they humane? Of course not; they 
preferentially kill the frail, the old and 
the poor. They are far more likely to kill 
the civilian than the soldier. The line be
tween "nonlethal" antiriot and defoliant 
chemicals (substances heavily used in 
Vietnam) and the intended lethal agents 
is fuzzy and shifting. There is strong evi
dence that our military organized a sham 
punishment for an officer who first used 
tear gas in Vietnam as a trial balloon for 
the later escalation. The military results 
have proved minor; the precedent is 
dangerous; the morality remains un
speakable. 

The Egyptians appear to have used 
organic phosphates made in the U.S.S.R. 
against the Yemeni royalists; the Chinese 
manufacture the same stuff; the Japa
nese tested biological agents on prison
ers in Manchuria in 1945, according to 
a plausible Moscow trial of 1949. Thus 
the technique unites East and West. 

Nearly 100 American sailors died in 
Bari harbor in 1943 when 100 tons of 
mustard gas spread over the water from 
an American cargo ship broken open by 
a German air attack. Modern CBW
chemical and biological warfare-has yet 
to be tested on the scale of its first use 
50 years ago at Ypres. The U.S. was in
dicted during the Korean war for the 
use of a strange set of insect vectors and 
other curious means by a study group 
on the other side in a report described by 
Clarke as "a curious mixture of blatant 
propaganda and what appears to be ac
curate observation." 

The three books reviewed here under
take distinct tasks. The Hersh book is 
the most completely documented and 
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The process of welding leads to studs on semi

conductor diodes presented Western Electric with 

a number of interesting technical challenges. 

First, the only way to tell a good weld from a 

defective one was to select leads from sample lots 

and bend them back and forth until they broke. We 

needed a more reliable and efficient method. 

Another challenge centered around the 

difficulty of identifying which of the six welding 

@ Western Electric 
...,.... MANUFACTURING & SUPPLY UNIT OF THE BELL SYSTEM 

heads on each machine was in need of adjustment. 

Occasionally, the entire machine had to be shut 

down and each head checked microscopically. 

So we compared photographs of current wave 

forms on oscilloscopes and found that certain kinds 

of wave forms indicated defective welds. We found 

two points on the curve where critical differences 

existed between defective and satisfactory welds. 

Experimentation led to the development of an 

electronic discrimina tor that not only rejected 

defective welds but also marked the malfunctioning 

welding head. It is still necessary to stop the welder 

to adjust the heads. But knowing exactly which 

head is defective before the machine is shut down 

saves us considerable time. And money. 

Saving the Bell System money by supplying it 

with the best possible telephone equipment at low 

price: That's what Western Electric is all about. 

a 
• 

I I I es. 
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N ew i n  
Sc i ence 
fro m  
Co l u m bi a  

1 .  
NATIONAL ACADEMY 
OF SCI ENCES: Biographical 
Memoirs, Volume XL 
The newest edit ion in a con
t i n u i n g  series that conta i n s  
biogra p h i c a l  sketches o f  de
ceased mem bers of the Na
t iona l Academy of Sciences.  

2. 
$6.00 

V I RUS- I N DUCED ENZYMES 
Seymour S. Cohen. A study of 
the or ig ins and deve lopment 
of b iochemica l  vi rology, with 
partic u l a r  refe rence to a key 
a rea of m u l t i p l i c a t i o n-th e  
v i r u s - i n d u c e d  s y n t h e s i s  o f  
p rote i n s . Columbia B iology 
Series. � $ 1 1 . 5 0  

�. 
MOLECU LES AND 
EVOLUTION 
Thomas H. Jukes . A defi n i t ive 
s t a t e m e n t  of t h e  c h e m i c a l 
b a s i s  of e v o l u t i o n .  " We l l  
w r i t t e n  . . .  h i g h  I y  r e c o m 
mended . "-Choice. 

$3 .95 paper, $ 1 0 .00 c loth 

4. 
ORIGINS OF MODERN 
BIOLOGY 
UrI Lanham. The h igh ly  read
a b l e, c o m p l ete ly  a u th o r i ta
tive, and often witty story of  
bio logy from i ts  emergence in  
c lassical  G reece to the ear ly  
20th century, w i th  ski l lfu l por
t ra i t s  of i t s  d e d i c a t e d  p i o
neers. $7.50 

5. 
TH E GEOGRAPHY OF LIFE 
Wilfred T. Neill. "A very spe
c i a l  k i n d  of s c h o l a r s h i p
noth i n g  less than a compre
hensive ,  deta i led study of the 
distr ibution of plant and a n i 
m a l  l i fe i n  a l l  pa rts of  t h e  
wor ld  . . .  stagge rs t h e  i mag
inatio n . "-Publishers Weekly. 

$ 1 2.95 

To order u�ou� b� 
r COLU M B IA "I I U N I V ERSITY PRESS 

I 
Dept. SA-3 

I 136 South B roadway 
I rv i n gto n ,  New York 10533 

I 
1 .  2. 3 .  4. 5 .  

I Pl ease send me the books ci rcled . 
( Mo ney order or c heck must ac-

I 
company order. We pay postage. )  

I 
N A M �F ________ __ I A D D R ESS, ________ I 

I 
C ITY _____ STAT E __ Z I P_ 

I N ew York City and State residents 
please add a ppropriate amount L. �te� I�tax.::.:... __ � 
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fully detailed; it cites officials, describes 
visits and interviews, and is particularly 
useful and specific about the U.S. and 
its CBW efforts. The Clarke book (he is 
a British editor and science writer) is 
much more discursive; Clarke, basing 
his account on a careful statement of 
the facts, mainly seeks to put clearly the 
arguments concerning the morals, law, 
effectiveness and consequences of the 
manufacture and use of such weapons. 
It is a book of infOlmed and humane 
reflection and historical analogy. The 
third book, a series of short essays by an 
international set of experts, devotes only 
a sixth of its space to CBW; the rest of 
the essays treat of the other known and 
foreseeable kinds of warfare that con
temporary technology and nationalism 
imply. They do not make a very convinc
ing case for new horrors different from 
those in use or already under study; it 
does not seem that the ozone layer can 
be removed, except quite transiently, or 
that robot tanks can march slowly and 
invincibly across borders to the capitals 
with their cargo of bombs. The new tet
rodotoxin from the blowfish is worse 
only in size of dose, and not in kind, than 
the old botulinus toxin. And so on. 

Underneath these cool accounts there 
runs a deep current of revulsion. All sci
ence and technology share some respon
Sibility for this strange and terrible 
growth. Two chemists from the French 
national laboratory at Orsay, Marcel 
Fetizon and Michel Magat, close their 
essay in the Calder collection with the 
disgusted outcry : "The question may 
arise: Is all science damned? We must 
either eliminate science or eliminate 
war. We cannot have both." 

MECHANICAL DESIGN OF SMALL PRE-CISION MECHANISMS, by Howard 
Jarmy. Chilton Book Company ($5.95) . 
Try though they may, the electronic en
gineers with their transistors cannot 
replace all moving parts by electron 
pulses . The world of automation and 
"space-age gimmickry" has plenty of 
mechanical systems: film transport, posi
tioners for valves and lenses, components 
of analogue computers and much more. 
Usually these small, intricate machines 
are not swift; neither are they strong. 
What they are is precise. This book is 
really a knowing personal essay on the 
art of precision design. It is directed to 
the designer familiar with the usual anal
ysis of machine design, to call to his 
attention the special problems in the 
world of precision. 

It begins with structure. The key ele
ments are usually steel, which is the stiff
er, or aluminum, which is the lighter. 

Deflection must be prevented by the 
choice of shape and section. Thermal ex
pansion is often highly significant; some
times the deSigner "must assume that 
heaters and coolers will be used faith
fully, the enclosures kept closed . . .  the 
temperature settings . . .  not changed, and 
[that] the power will be turned on . . . .  
The designer . . .  clearly demonstrates an 
outstanding and refreshing faith. On oc
casion . . .  he has no other choice." Flat 
surfaces, parallel plates and parallel 
bored holes from shafts and bearings are 
urgent. A photograph of two expensive 
bookends shows what use can be made 
of spoiled mounting plates. 

There is a checklist for cabinet de
sign; it is not to be dismissed lightly. A 
single low, heavy mounting surface is a 
good one; the needs of the people who 
use and maintain the equipment must 
always be considered with forethought. 

Gears and couplings, reducers and 
special drive linkages and belts are usu
ally the product of specialized venders. 
Spur gears are the mainstay of the pre
cision designer; backlash is his problem. 
Accurate ball bearings are the recom
mended antifriction elements; gas bear
ings are too special for any treatment 
here. Preloading by offsetting the ball 
races and changing the ring sizes can re
duce play below the tenths of a mil the 
manufacturers allow. The highest grade 
of instrument bearings will meet toler
ances of a tenth of a mil in bore. 

Solid straight pins help to align mat
ing parts; solid tapered ones hold gears 
neatly in place. Vibration, rotational bal
ance, inertial effects are all found here 
as they are in the usual machine design, 
but with care their proper control is not 
difficult. Lubrication too is relatively 
easy: these precision machines need 
operate only "under limited adversities" 
and not on dusty or rocky roads. Sealed 
or oil-impregnated bearings may solve 
the problem; if care is needed, the lubri
cation period and lubricant ought to be 
legibly marked right on the access door 
as "golden information." Then there is 
the game of tolerances. For small-lot 
production the designer can add errors 
to design for the worst case; for larger 
runs he can use simple statistics. He is 
urged to study this complex topic of de
scribing parts with room for shop errors 
from a lengthy Department of Defense 
document (MIL-STD 8: Dimensioning 
and Tolerancing).  

At length the expensive and delicate 
device will work. It wiII have various 
plays around a tenth of a mil. Errors in 
angle readings and setting will come out 
to 10 arc-seconds or so, and the design 
will be a success, based on the remark-
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ably wide skills and experienced intui
tion of the designer, who might even 
learn that "there are more importan t To p rese rve you r  cop i es of 
things in the world than small precision 

SCIENTIFIC 
AMERICAN 

mechanisms ."  

'rRADITI ONAL MEDICINE IN :\;[ODEHl'i 

CHINA : SCIENCE, NATlONALlS]\[, AND 

TI-JE TE NSIONS OF CULTURAL CHANGE, 

by Ralph C. Croizier. Harvard Univer
sity Press ($6) .  Medicine run s deeper 
than science and engineering; its inti
macy of concern and its antiquity as an 
intellectual endeavor give it a special 
place. Chinese medicine is about as old 
as Galen ; modern medicine, whatever it 
owes to Greece and Islam, is the prod
uct of Harvey, Pasteur, Banting and 
Burnet, and it is still growing.  This pen
etratin g and intriguing little book tells 
the tale of a century of conflict, still un
resolved, between the two medicines in 
China . 

Chinese medicine has two roots : first 
the empirical folk medicine-mainly a 
pharmacology-that has produced a fa
mous stock of herbals, many of genuine 
therapeutic value, and second the or
ganic philosophy that by the Han time 
was codified into a medical theory flow
ing both from the five elements with 
their elaborate isomorphisms in the body 
and from the sought-for balance of yin 
and yang. The two chief arts of this 
branch are the pulse-reading diagnosis 
(a subtle art of checking the pulse beat 
at three spots along each wrist artery, 
both deeply and by light touch) and 
acupuncture, the insertion of fine needles 
several millimeters into the skin at speci
fied points along 12  "meridians" running 
over the body . There is no doubt that 
some psychotherapeutic and neurologi
cal effects are to be expected from the 
needle therapy, and the pulse diagnosis 
at least gives the physician a good lon g 
look at the cues his patient's bearing and 
behavior bring him, unconSciously or 
otherwise.  

The issues of thought and feeling are 
too complicated to be briefly summa
rized, but there are a few events of sig
nificance . The pneumonic plague hit 
Manchuria in 1910, at the dusk of the 
Chinese empire . A specially chosen team 
of 80 traditional physicians went bravely 
off to stem the epidemiC. All of them 
died. There was then no vVestern cure 
for the disease either, but modern public 
health measures kept the outbreak away 
from China proper. 

vVhen the present government of 
China took power, there were perhaps 
10,000 phYSicians trained in Western 
methods (for more than 600 million peo
ple) and 50 times as many practicin g in 
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The Mathematical Sciences: 
A C o l lect ion of Essays 
edited by COSRIMS 
A d i sti n g u i s h e d  g at h e r i n g  of math e m atical 
.s c i e n t i sts add ress themse lves h e re to the 
l a rg e  a n d  g rowi n g  a u d i e n c e  of c u ri o u s  and 
t h o u g htfu l readers,  i n c l u d i n g  th ose without 
fo r m a l  trai n i n g  i n  the h i g h e r  reac hes of 
mathemat ics and th ose who b e l i eve they may 
h ave forgotten what they once knew. Some 
of  the contr i butors descr ibe stri k i n g  devel
opme nts and a c h i evements i n  conte m p o rary 
math e mat ics ;  others c o n c e nt rate on the 
myriad a p p l i cat ions of mathematics to 
oth e r  f i e l d s .  

Many of the essays can be u n d e rstood 
by today's b reed of sc ie ntif i c a l l y  or iented 
h i g h -s c h o o l  stu d e n t .  They could be e q u a l l y  
a p pe a l i n g  to h i s  father ,  w h ose m o s t  e l abo
rate a p p l i cati o n  of mathematics may be the 
c o m p let ion of the i n co m e-tax fo r m ,  but  wh ose 
c u r ios i ty about some of the m ost heady 
i nte l lectual  adventu res of th is  centu ry may 
h ave s u rvived his g raduat i on i nto m i d d l e  age.  

The book was prepared by the C o m m i ttee 
on S u p p o rt of Research in the Mathemati cal  
S c i e n ces (COSR I M S) for the N ati o n a l  Acad
e m y  of Sciences as p a rt of an  effort to gauge 
the p resent status a n d  e n v i s i o n  the futu re 
needs a n d  d i rect ions of the mathematical  
sc iences i n  the U n i ted States .  
$8.95 
The Sciences of the Artificial 
by Herbert A .  Simon 
The Sciences of the Artificial reveals  the 
design of an i nte l l ectual  structure a i m e d  at 
acco m m o d at i n g  those e m p i ri c a l  p h e n o m e n a  
t h a t  a re " a rt i f i c i a l "  rath e r  than " n aturaL" T h e  
g o a l  i s  to show h ow e m p i ri c a l  s c i e n c e s  o f  
artifi c i a l  syste ms are poss i b l e ,  e v e n  i n  t h e  
f a c e  of the cont i n g e n t  a n d  te l e o l o g i c a l  
c h aracter of the p h e n o m e n a ,  t h e i r attr ibutes 
of c h o i ce and p u rpose. Deve l o p i n g  in some 
deta i l  two speci f ic  exam ples - h u m an 
psyc h o logy a n d  e n g i n e e r i n g  d e s i g n 
P rofessor S i m o n  descr ibes the s h a pe of  
these s c i e n ces as they are e m e rg i ng from 
deve l o p m ents of the past  25 ye ars. 

Beyond his specif ic e x a m p les,  the auth or  
i n d i cates how the s c i e n ces of the artif i c i a l  
a re re levant to e c o n o m i c s ,  management  and 
a d m i n i strati o n ,  med i c i n e ,  e d u cati o n ,  a r c h i 
t e c t u r e ,  art . . .  to a l l  f ie lds  t h at c reate de
signs to p e rform tasks o r  fu lfi l l  g o a l s  and 
funct ions .  
$5.95 
The M IT Press 
C a m b ri d g e ,  Massac h u setts 021 42 
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the old manner. The intellectual policy 
has been to preserve and advance the 
Chinese ways : they are national in ori
gin, they speak for folk practice and 
against the educated and outward-look
ing expert, they are familiar to the peas
ant. Chinese medicine has had the full 
support of the regime in word and deed. 
There were interesting syncretisms :  elec
tric acupuncture, a mass test of swallow
ing tadpoles as a means of feminine 
contraception (half of the users became 
pregnant) and bones set by X ray and 
splinted with the old flexible willow 
twigs. Of course, the empirical values of 
the old medicine need not be denied; the 
issue is joined with the thought rather 
than the effects. Yet only a tenth of the 
national medical budget is spent on tra
ditional medicine, and now perhaps half 
of the doctors are followers of the mod
ern way, although they are tolerant by 
training and common consent of the 
pulsologist, the herbalist and the nee
dIer. The direction is clear. 

The contrast with Taiwan and with 
India, where the "pure Ayurvedic" med
icine still wins intellectual support on 
quasi-political grounds, is strong. The 
recent Chinese synthesis of insulin, like 
Chinese work on the surgical restoration 
of lost limbs, has made its own contribu
tion to modern medicine, which is there
fore no longer purely Western . The book 
is a fascinating essay in intellectual and 
social history. The editors have not giv
en us a precise date for the work ; the 
copyright is 1968, but such a coarse fig
ure is useless for books about volatile 
China ! No references seem to be newer 
than the spring of 1966; it would appear 
that the book represents the state of af
fairs before the turmoil of the great 
cultural revolution really took hold. 

k INTRODUCTION TO TREE-RING DAT-

ING, by Marvin A .  Stokes and Terah 
L. Smiley. The University of Chicago 
Press ($5.85) . The Navajo tribe has used 
the precise dating of structural wood 
from old hogans to establish before the 
U .S .  Indian Claims Commission the time 
of their occupancy of the land. These 
authors, from the Tucson labora tory that 
has developed these methods, describe 
the work in clear and brief but adequate 
detail. The photographs, mainly by Clif
ford Gedekoh, make the account a gen
uine guide to the method. 

A sharp-edged coring tool can remove 
a thin core sample without pelmallent 
injury from a living tree trunk up to sev
eral feet in diameter. So the count starts, 
with care to avoid coring near branches 
or in directions of irregular growth . Not 
all trees will do; the species must add a 

Single ring each year. A hand lens or 
a low-power microscope helps in the 
counting. A ring is fonned by the con
trast in cell size between thick-walled, 
small-diameter longitudinal cells, which 
are the last to form during the grow
ing season, and thin-walled large ones, 
which mark the start of the next season. 
This change-the layer of cells grows as 
a tall sharp cone added over the pre
viously grown tree stem-is seen as a 
ring in cross section. 

The core is mounted in a grooved 
wooden holder and sanded smooth in 
several stages. The outside of the tree is 
labeled by bark; the ring under it was 
formed in the current year. Samples of 
dead wood from old houses are now 
sought out; long continuous sequences 
can be fitted together step by step, 100 
or 200 at a time for the pinon tree, the 
species most used in the Navajo counh-y. 
The dead-wood samples may be sections, 
not cores; the trick with a time-eroded 
sample is to learn which is the final ring; 
bark, bark-beetle borings or a final com
plete ring will give a good clue. It is un
likely that any natural erosion would 
leave a Single complete outer ring unless 
it is the original terminal ring itself. 

There are traps. In any tree a ring is 
often locally missing, since growth is not 
fully symmeh"ical and equally vigorous 
at every height. Missing rings are es
tablished by repeated sequences of con
sistent cross dating. "False," or doubled, 
rings appear to be genetic in origin; they 
are usually established by close exami
nation of the unusual transition edge of 
the ring. Experience enables a man to be 
able to find results that cross-check to 
within one year with a wholly indepen
dent tree-ring chronology. Naturally the 
scheme does not cohere reliably over dis
tances that are large enough to bring out 
major climate differences. 

The rings can vary only if some vari
able factor limits growth. In Arizona that 
factor is rainfall; in Alaska it is tempera
ture . The tree must not be a complacent 
one, a tree that has prospered year after 
year on flat land drinking ground water 
and produced only a blandly unifOtm 
alternation of rings. Hardy, sensitive 
trees on slopes fighting steep drainage 
for water in the dry months are the best; 
the ring-width variation is strong in the 
Southwest because the rains are highly 
variable . Trees in clumps compete and 
show modified patterns. The trend of 
growth varies with age, of course; a 
curve that expresses each ring width as 
a fraction of the slow averaged trend is 
perhaps the best means for building a 
long sequence. Cross dating works well 
for a homogeneous locality such as a 
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T H E  PERSO N 
His Development throughout 

the Life Cycle 

THEODORE LlDZ 
The story of the u n fol d i n g  of l i fe and 
perso n a l i ty from b i rth to o ld  age. 
" P rofessor L idz takes a consistently 
ca l m ,  reassu r i n g  and j u d ic ia l  approach 
to  h u m a n  d e ve l o p m e n t .  . . .  Eve ry
w h e re h i s  c o m p a s s i o n  a n d  u n d e r
stand i n g  s h i n e  through . . . . The Person 
reveals the p rocess by which man i s  
made an i n d iv idual  and a human be
i n g ."- Saturday Review $10.00 

ANTI BO D I ES A N D  
I MM U N ITY 

G. J. V. NOSSAL 
A l ead i n g  investi gato r d raws upon the 
most recent  research in geneti cs, bio
chemi stry, and embryology to de
s c r i b e  t h e  l a t e s t  a d v a n c e s  a n d  
expand i n g  new horizons of i m m unol
ogy, and the effo rt to u n derstand the 
fundam ental l i fe p rocesses. 

illustrated. $5.95 
N EW TH I N K  

The Use o f  Lateral Thinking in 
the Generation of New Ideas 

EDWARD DE BONO 
"Lateral thinking . . . i nvolves the pur
posefu l  app l i cation  of i magi native 
p lay to problem solvi ng - the seeki n g  
of n e w  app roaches w h i c h  are ord i 
nar i ly exc luded b y  stra ight-l i n e  l o g i c  . 
. . . New Think is one of those rare 
books which make the reader  act out 
i ts prem ises." - John D iebold $5.95 
AN I NTRO D U CTIO N  TO 
OPERATI O N S  RESEARCH 

PATRICK RIVETT 
One of the p ioneers in operat ions re
search descri bes in s i mple, non
mathemat ical language the n ew sci
ence of decis ion-making and the 
logic  of the decis ion-making p rocess. 
H ighly i n formative, i m portant read i ng. 
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small valley; it becomes unreliable over 
a 600- or 800-mile spread in location .  

There is a drawing of a century of 
matched rings, but one actual long chro
nology ought to have been included in 
this careful and interesting survey of a 
marvelous dating method. Nor does any 
statistical discussion appear, although 
such analysis is used in the successful 
dating laboratory. 

EARTH, MOON, AND PLANETS , by Fred 
L. Whipple. Harvard University 

Press ($7 .25). MYSTERIES OF THE SOLAR 
SYSTEM ,  by R. A. Lyttleton. Oxford Uni
versity Press ($7). This third edition of 
Professor Whipple's likable introductory 
account of the bigger members of the 
sun's family is excellent. Always easy for 
beginners to read, the text now contains 
a wealth of fresh pictures, mostly the 
products of NASA (the moon from low 
altitude and high, the surface of Mars) 
or of the big radar sets (for example the 
face of Venus, with detail) . The main 
facts are all here, with a clear account 
of how we infer them in an optimistic 
view of their plaUSibility and coherence. 
Mathematics and even close argument 
are not much used; the text is frankly 
and winningly descriptive. There are 
tables for finding the planets in the sky, 
and tables of the important numbers. 
The book is up to date: it tells the 
strange and still unfinished story of the 
rotation speeds of Venus and of Mer
cury, each locked by tidal forces , Mercu
ry to the 3/2 harmonic of its own year, 
Venus to the 3/2 harmonic of the earth's 
year (and retrograde at that) . 

The second book is a keen comple
ment to the first. It has few pictures and 
not much more algebra ; it is a set of 
essays by an iconoclast. These pieces are 
closely argued; they present mathemati
cal results clearly and deeply and re
place much manipulative algebra by 
physical reasoning. The problems dis
cussed are few but wide: the 'origin of 
the solar system, the interior of the ter
restrial planets, the nature and origin of 
comets and of tektites (perhaps the re
sult of a comet striking the earth) and 
the discovery of Neptune. The origin of 
the planets remains uncertain ; the small
er planets may all be the same within , 
except that the earth and Venus were 
large enough to melt and collect their 
slag on top and their metal below. The 
comets are not dirty ice left over from the 
time of planet-building but are accreted 
interstellar dust. John Couch Adams and 
Urbain Leverrier were mainly lucky
their famous Neptune prediction could 
have been made by their methods only 
at a favorable epoch. All of this is told 

in a personal, dry and cheerful tone . 
Some of it is surely right, and no student 
can fail to benefit by seeing how Pro
fessor Lyttleton sifts the relevant from 
the clamorous mass of purported data . 
He has probably not said his last word, 
and some of his sallies at the academy 
have now been contradicted, but his 
edged thought cuts deep into the fash
ions that always influence the assump
tions required by genetic studies in as
tronomy. 

My LIFE A N D  My VIEWS, by Max 
Born. Introduction by 1. Bernard 

Cohen. Charles Scribner's Sons ($4.95). 
Professor Born has earned our attention 
by his 60-odd years of work in physics, 
work that includes not only such epochal 
discoveries as the statistical interpreta
tion of the wave function but also the 
best textbook on optics, several other 
outstanding textbooks and first-class 
popular writings. These are his latest 
essays . A third of the book, his autobi
ography, has already appeared in this 
country in periodical form ; the rest, on 
the political, historical and philosophi
cal implications of science, has been 
published only in German . He was head 
of the Gottingen theoretical physics de
partment during the Weimar years when 
quantum theory grew up; his first as
sistants there were vVolfgang Pauli and 
'Werner Heisenberg! He writes that "I 
never learned nuclear physics properly," 
because the lecturer on radioactivity, Jo
hannes Stark, "did not satisfy my mathe
matical mind." Nevertheless, "both . . .  
Oppenheimer and Teller, as well as 
Fermi and . . .  some of the Russian physi
cists, were once my collaborators . . . .  It 
is satisfying to have had such clever and 
efficient pupils, but I wish they had 
shown less cleverness and more wisdom. 
I feel that I am to blame if all they 
learned from me were methods of re
search and nothing else." 

He sees fear and hope in the state of 
the world, and expresses them both with 
simple clarity in an attractively modest 
and tentative style. Here his insight into 
philosophical issues is given popular 
form, with emphasiS on the objectivity 
not of individual sense impressions but 
rather of the relations among them, in 
which he sees the proper subject matter 
of science. He discusses the world's di
lemmas with what may be a professor's 
lack of emphasis on the genuine con
flicts of material and national interest, 
but he ends in hope, a reasoned hope 
for the change of human nature, away 
from war and "against official lies and 
encroachments . . .  suppression . . .  gloil'c, 
greed . . .  and infallibility." 
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Sh h h! 

Can you solve 
.--------Ihi. problem� 

1. There are three numbered statements in this box. 
2. Two of these numbered statements are not true. 
3. The average increase in 1.0. scores of those who 
learn to play WFF'N PROD, i. more than 20 point •. 

Is statement No.3 true? 

A NEW DIMENSION IN EDUCATION 
Designed by university professors to 
teach and challenge those who enjoy 
BRAIN - TO - BRAIN COMBAT. 

WFF 'N PROOF (logic) $6.75' 

EQUATIONS (malh�matics) 3.50 
ON·SETS (set theory) 4.50 
PROPAGANDA (social studies) 5.50 
CONFIGURATIONS (geometry) 4.50 
5·GAME SPECIAL (the above) 19.95 
'Postage included 

Send check to: WFF 'N PROOF 
Box 71- CA New Haven, Conn. 06501 
Free Calalog - Dealer inquires invited 

Satisfaction Guaranteed 

Perfect Gifts 

A Practical, Mathematical Approach to 

THE WANKEL 
R.C. ENGINE 

DESIGN AND PERFORMANCE 
by R.F. Ansdole, (Jng., M.I. Mech.E, M.S.A.E. 

The first book available in English to dis
cuss one of the most significant advances 
in automobile engineering. Clearly and 
graphically analyzes the design and de
velopment of the Wankel R. C. Engine 
with mathematical accuracy. Covers com
parisons between conventional recipro
cating and Wankel engines. Many of the 
diagrams have been plotted from com
puter printouts and have never been 
previously published. 

The author, a design and development 
engineer and an expert in automotive 
engineering, presents a complete picture 
of this unique and important invention
possibly the greatest step forward in auto· 
mobile engineering for decades. An in
dispensable book for the technician, 
practicing engineer, and all engineering 
enthusiasts. 93 illustrations, 6 pages of 
art plates. $9.35 

�---ORDER YOUR COPY TODAY!--
I 
I A.S. Barnes & Co., Inc., Dept. AM 

I Box 421, Cranbury, N.J. 08512 

I Please rush __ copy(ies) of The Wankel R.C. Engine 

I @ $9.35 per copy. Enclosed is $ ----

I 
I Name _________________ _ 
I 
I Address _____________ _ 

I 
I City Stale Zip __ 
L ________________ � 
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Will 
HOp-tical 

Chromination'l 
have an effect 

on science? 

No, because it's fiction. If it were real, the Navy 
Labs would already be using it. The Navy doesn't 
work with fiction, however. It deal with facts. Here 

are some hard facts about the Naval Laboratories 
I d wl-th of the East Coast which could be important to ea 

you in t�e selection of a place to pursue your the 
professional career. 

_ 

It is a fact that the East Coast Laboratories offer leadersh I p 
opportunities and benefits not readily found of naval 
elsewhere. These Labs pride themselves on 

_ 

offering engineers and scientists wide scope in sCience and 
the kinds of jobs available. The employment tech I advisor at any one of the listed Laboratories no ogy 
would be happy to tell you more about Navy 

opportunities. Write to him now. 

He'll give you more facts! 

NAVAL LABORATORIES OF THE EAST COAST 

NAVAL WEAPONS LABORATORY. OAHLGREN. 
VlRGINIA 22448 
A leader in research and engineering of 
weapons and systems to enhance the fire 
power of the surface fleet. Also, conducts 
comprehensive warfare analysis and pioneers 
advance concepts, including novel applica
tions of electro-magnetic and geo-ballistics 
sciences in naval operations. 

NAVAL ORDNANCE LABORATORY, WHITE 
OAK, MARYlAND 20910 
Research and development in undersea war
fare. Is Navy's principal aero ballistic 
activity. Development of air and suMace 
weapons. Broad research programs in explo
sives, electNlchemistry, polymers, magnetism, 
acoustics, materials, nuclear phe�omena. 

NAVY UNDERWATER SOUND lABORATORY, 
FORT TRUMBUll, NEW lONDON, CONN. 
06320 
Perform research. development, test and 
evaluation in surface and underseas surveil
lance. submarine communications. classifi
cation, oceanography and related fields of 
science and engineering. 

NAVAL APPLIED SCIENCE lABORATORY, 
FLUSHING AND WASHINGTON AVENUE, 
BROOKLYN, N.Y. 11251 
Research. development, test and evaluation 
in materials. electronics, navigation sys
tems. chemical and biological warfare 
defense, and related fields of science and 
tlngineering, 

NAVAL SHIP RESEARCH & DEVElOPMENT 
CENTER, WASHINGTON, D.C. 20007 

NAVAL SHIP RESEARCH & DEVELOPMENT 
CENTER, CARDERDCK, MARYLAND (Mail, 
ing address: Washington. D.C. 20007) 
Research in leading laboratories-Hydro
mechanics. Aerodynamics. Structural Me
chanicS, Acoustics and Vibration. Applied 
Mathematics (computer technology) for 
advanced ship and naval aircraft deSign, 
to support its systems development in new 
concepts including surface effect ships, 
hydrofOils, deep dive, 

NAVAL SHIP RESEARCH & DEVELOPMENT 
CENTER. ANNAPOLIS DIVISION. ANNA
POLIS, MARYlAND 21402 
Principal areas of research are: propulsion, 
power generation, auxiliary machinery, 
control systems. construction materials. 
submarine safety, and ship silenCing. 

NAVAL MINE DEFENSE lABORATORY OF 
NAVAL SHIP RESEARCH & DEVELOPMENT 
CENTER. PANAMA CITY. FLA32402 
A missIon-oriented center located on the 
Gulf Coast of Florida conducting programs 
of warfare analysis, research. and develop
ment, as well as fleet support in the 
areas of mine defense, acoustic and 
torpedo countermeasuNls, manned under
water systems, and inshore waMare. 

NAVAL RESEARCH LABORATORY. WASHING· 
TON, D.C. 20390 
The Navy's corporate laboratory engaged in 
research embracing practically all branches 
of physical and engineering science. ranging 
from basic inveStigatton of fundamental 
problems to applied research and develop
ment. directed toward new and improved 
materials. equipment, techniques and sys
tems for the Navy_ 

NAVAL ORONANCE STATION. INOIAN HEAD. 
MARYlAND 20640 
Develops Navy's technical competence in 
missile, gun and rocket propellants. Conducts 
Research and Development in chemistry. pro
pellants. propellant ingNldients. propellant 
processing; peMorms production engineering 
and pilot plant operations in solid and liquid 
propellants and exp �osives. 

NAVAL AIR DEVElOPMENT CENTER, JOHNS
VillE, WARMINSTER, PA. 18974 
As the Navy's prinCipal agency for research 
and development for Aerospace Systems, 
including Airborne Anti-submarine Warfare 
Systems, NADC conducts research, design, 
development. test and evaluation of aero
nautical systems and components and per
forms research and development in aerospace 
medicine. 

NAVAL AIR ENGINEERING CENTER. PHILA· 
DElPHIA, PA_ 19112 
Conduct research and development of launch
ing and recover equipment for carrier air
craft; application of the launching and 
recovery concepts of land-based airfields; 
research programs in carrief' deck lighting 
and visual landing aids;  and develop 
missile handling techniques and missile ship 
compatibility. 

NAVAL UNDERWATER WEAPONS RESEARCH 
AND ENGINEERING STATION, NEWPORT, 
R.t. 02840 
Underwater systems research and develop
ment. Deep depth weapon pioneers. Fleet 
support ashore and afloat to assure combat 
readiness. Independent exploration in acous
tics, ASW counter-countermeasures and 
torpedo trajectory control. Concept and fea
sibility investigations_ 

NAVAL OCEANOGRAPHIC OFFICE. WASHING
TON, D.C. 20390 
long-range research. Oceanographic, hydro
graphic. geophysical and geodetic surveys. 
Bathymetry. oceanographic instrumentation, 
data analysis and evaluation. Mapping chart
ing and other programs of national and 
int�mational. importance_ 

Fact-The Naval Labs of the East 
Coast have an extensive program 
of graduate education. Almost one
third of their scientists and engi
neers are enrolled in advanced 
studies at all times. The Navy has 
appropriations set aside for both 
this program and for a special 
long range education program 
which provides selected individ
uals a year's study on a univer
sity campus, with tuition and 
expenses paid, and an income pro· 
vided by the Navy. 

Fact-The East Coast Naval Labs 
have facilities which are undupli
cated. For example, one of them 
has the world's largest centrifuge 
which can generate in the labora
tory a field force of 40 G's; it can 
accelerate to a force of 10 G's in 
3.5 seconds. Other unique facili
ties are: the most sophisticated 
conical shock tube installation 
anywhere; a 45·118 MEV cyclo
tron; a IMW nuclear reactor; a 60 
MEV linear electron accelerator; 
complete equipment for studying 
deep-depth propu Ision; an offshore 
underwater tracking range; and a 
wind tunnel capable of speeds 
from subsonic to hypersonic. No 
matter at what laboratory you 
work, it has facilities which are 
the most modern and comprehen
sive available. 

Fact-Colleagues of professional 
stature and recognition are found 
in each of the East Coast Naval 
Labs. They have been responsible 
for significant contributions to the 
state of the art, both from a con
ceptual point of view and in the 
area of application engineering. 
They are highly respected mem
bers of scientific and professional 
societies and their papers regu
larly appear in professional jour
nals. Members of the professional 
staff hold hundreds of patents
indeed, several labs have their own 
patent counsel to handle the load. 
Among the eminent professionals 
on the staff of Nava I Labs East 
Coast are the leading authorities 
on ultra high frequency propa
gation in outer space; a widely 
recognized expert in energy trans
port; a leader in the field of rigid 
body ballistics and satellite com
putation; several acknowledged 
leaders in astronautiCS; and out
standing scientists in the field of 
mathematical physics who have 
revolutionized computer applica
tion to this field. Every scientist 
or engineer working in a Naval 
Lab has the opportunity to meet 
with and discuss the work of men 
as eminent as these. 

AN EQUAL OPPORTUNITY EMPLOYER 
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Outstanding orders for the Lockheed 1011 make up that backlog. 
Additional on-going Lockheed programs include the Rigid Rotor 
AH-56A Cheyenne and commercial derivatives, ASW aircraft. 
and supersonic aircraft development. 

Lockheed has a huge backlog of opportunity in: Structural Design 
and Design of Avionics, Flight Controls, Real-Time Computers, 
Digital Displays, and EMI. Also openings in Analysis and 
Reliability Engineering. 

These positions require an appropriate degree and experience. 
Send your resume to: Mr. C. R. Alexander, Professional Placement 
Manager, Dept. 3103, 3443 N. Hollywood Way, Burbank. California 91503. 
An equal opportunity employer. 

Engineers: You're looking at a 2.6-billion-dollar 
backlog of opportunity. 

Look into it! 

LOCKHEED
CALIFORNIA 
COMPANY 

A Division of Lockheed Aircraft Corporation 

UNUSUAL 
BARGAINS SHOPPING MART �:;�t::� 
BY MAil A selection of products available by moil for readers of Scientiflc American 141- PAGES 

All merchandise sold on a money�back guarantee. Order direct by Stod No. Send check or M. O . 

WORKING MODEL 
DIGITAL COMPUTER 

Solve problems, teach loglc. play 
games with miniature version of 
giant electronic brains I Adds. sub
tracts, multiplies, shifts, comple
ments, carries, memorizes. Colored 

K��� f!�t\��r�.
Y ��S�b�::�eJ2:a� 

sembly diagrams, 32-1>. instruction 

Pa
O�g

k
U�O�erilt�g�:;at���ie

c�)p��� 
grammfng, problems & 15 experI
ments. 
Stock No. 70.6135 • • •  $5.98 Ppd. 

BIG, NEW D1GICOMP II 
Stock No. 70.9465 • •  $16.00 Ppd. 

GIANT FREE CATALOG 

. ' 
0 .. � 

� 

! 

PROJECTION KALEIDOSCOPE 

�t�a��ry 
l?xft����t

a����·
c8wmJl��� 

liquid wheel. Projects Infinite 
variety of brilliant color Psstterns 

:t;��� d:'�:�l�eK!
a�r�J��il��Y 

l�� 
and Edmund Visual Special Ef
fects ProJector make it. all possi
bLe. Easily operated. Large screen 
image at short projection distance 
perfect tor photo backgrounds. 
light shows, parties, dances, etc. 
Front or rear proJection. Incl: 1 
RPM 115V Motor, motor bracket, 
instructions. 
Stock No. 71.1215 • •  594.50 Ppd. 
SOLID M U L T I - C O L O R E D  
GLASS ACCEcSORY WHEEL 
(9' DIAMETER) 
Stock No. 71 1225 • •  $15.00 Ppd. 

ANALOG COMPUTER KIT 
Demonstrates basic analog corn
putlng principles. Can be used tor 
multiplication. division. powers, 
roots, log operations, trig prob .. 
lems, physics form ulae, electricity 
and magnetism problems. Oper
ates on two flashlight batteries. 
ELectric meter and 3 potentlom
etera mounted on die-cut box. 
Answer indicated on dial. 20� 
long, 9'" wide. 211 deep. 
Stock No. 70,3415 • •  514.95 Ppd. 
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3" ASTRONOMICAL 
TELESCOPE 

See stars. moon, phases ot Venus. 
planets close up. 60 t<> 180 power 
-tamous Mt. Palomar retiecting 
type. Aluminized & overcoated 3-

g't!�te�fi�Ol��'l':��d
m�m�' �8� 

eyepiece and mounted ax tinder 
��lt"A �ars�ox'lt ¥,I�o�A'_��:� 
"HANDBOOK OF HEA VENS": 
"HOW TO USE YOUR TELE
SCOPE" 
Stock No. 15,0505 • •  529.95 Ppd. 
4,,' REFLECTOR TELESCOPE 
Stock No. 15,1055 • •  584.50 FOB 
6' REFLECTOR TELESCOPE 
Stock No. 15,0855.5199.50 FOB 

WFF'N PROOF-LOGIC GAMES 
Practice abstract th Inking and 
math logic. Developed by Yale C�Of

'r��,
YO�r�hl���W't1!f,:�:!}i 

braln-ro-braln combatl 21 game. 
of progressive dlmculty. Starts 
with simple games mastered by 
6-year-olds. ends with subtle 
logic tor challenge to protessional 
logicians. 8�- x 5,,- csse �ntatn8 
l:J:glc cubes. playing mats. tImer. 
Stock No. 60,5255 • • •  56.00 Ppd. 

ORDER BY STOCK NUMBER' SEND CHECK OR MONEY ORDER' MONEY·BACK GUARANTEE 
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Edited by John C. Brandt and Mi
chael B. McElroy. Gordon and 
Breach, 1968. 

THE ATMOSPHERE OF VENUS: PAPERS 

FROM THE SECOND ARIZONA CONFER

ENCE ON PLANETARY ATMOSPHERES. 

Journal of the Atmospheric Sciences, 
Vol. 25, No.4; July, 1968. 

VENUS: LOWER ATMOSPHERE NOT MEA

SURED. Von R. Eshleman, Gunnar 
Fieldbo, John D. Anderson, Arvydas' 
Kliore and Rolf B. Dyce in Science, 
Vol. 162, No. 3854, pages 661-665; 
November 8, 1968. 

PLAGUE TOXIN 

PLAGUE. R. Pollitzer. World Health Or
ganization, 1954. 

THE MURINE TOXIN OF PASTEURELLA 

PESTIS: A STUDY IN ITS DEVELOP

MENT. Solomon Kadis, Thomas C. 
Montie and Samuel J. Ail in Bacteri-· 
ological Reviews, Vol. 30, No.1, pages 
177-191; March, 1966. 

ISOLATION OF TOXIC SUBUNITS FROM 

Two MURINE-TOXIC PROTEINS FROM 

PASTEURELLA PESTIS. Thomas C. 
Montie, Diane B. Montie, Shalom A. 
Leon, Carole A. Kennedy and Samuel 
J. Ail in Biochemical and BiophYSical 
Research Communications, Vol. 33, 
No. 3, pages 423-429; November 8, 
1968. 

THE FIRST ELECTRON TUBE 

FIFTY YEARS OF ELECTRICITY: THE 

MEMORIES OF AN ELECTRICAL ENGI

NEER. J. A. Fleming. The Wireless 
Press, Ltd, 1921. 

MEMORIES OF A SCIENTIFIC LIFE. Sir 
Ambrose Fleming. Marshall, Morgan 
& Scott Ltd., 1934. 

THERMIONIC VALVES 1904-1954: THE 

FIRST FIFTY YEARS. The Institution of 
Electrical Engineers, 1955. 

MATHEMATICAL GAMES 

FIBONACCI NUMBERS. N. N. Vorob'ev in 
Popular Lectures in Mathematics Se
ries: Vol. II, edited by I. N. Sneddon 
and M. Stark. Blaisdell Publishing 
Company, 1961. 

AN INTRODUCTION TO FIBONACCI DIS

COVERY. Brother U. Alfred. The Fi
bonacci Association, 1965. 

FIBONACCI AND LUCAS NUMBERS. Ver
ner E. Hoggatt, Jr. Houghton MifHin 
Company, 1969. 

THE AMATEUR SCIENTIST 

TmN-LAYER CHROMATOGRAPHY. Kurt 
Randerath. Academic Press, 1966. 
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Would your family like it 
if you took a iob at Hughes in Cal· 

Y<""-,., 
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(Revisited.) 

We had such good response and so much fun the first 
time, we decided to repeat the offer. So: if you know a 
way to use plywood that's unusual, useful and news to us, 
you may: 1.) Win a Plywood Innovator Certificate. 2.) 
Qualify for a substantial cash award. And 3.) Receive your 
very own 4' x 8' panel of plywood to develop your brain 
child. (Additional panels available if it's a really big idea.) 

Rules 
Sketch or photograph your use. 

Explain succinctly. Send it in. If our 
judges agree it's a new use for ply
wood, you'll receive your certificate. 
After the contest closes on October 
31 st, 1969, the three best uses will 
each receive $100. If you need real 
plywood to execute your idea, write 
us describing your use and giving us 
the name and address of your ply
wood dealer. If our judges think your 
idea has merit, .. _____ • 
we'll arrange to 
get you the ply
wood and you'll 
be eligible for 
the cash awards . .. _____ • 

Hints 
Plywood is usually 4' x 8' per 

panel, from Y<I" to IV8" thick, but 
comes in other sizes. It may be 
coated, grooved, textured, scarfed to 
any length, and obtained from any 
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building material dealer in the land. 
For a complete, concise account of 

what plywood can do, see our piece 
on page 21 of Scientific American, 
September 1967, or page 142, April 
1968. (If you can't find them, write 
us for a reprint.) 

For a more complete but not quite 
so concise account, write us for 
"Guide to Plywood for Product De
signers." 

Warning 
Plywood has already been used for 

acid tanks, box
es, crates, ducts, 
h o u s e s, s i g n s, 
cable reel heads 
and g a t e s  for 
fish ladders. Plywood Box 

Added Incentive 
As you may suspect, we're really 

trying to get you bright people to 
consider plywood more often for the 

things you do in the outward, up
ward age. So we're taking this under
handed way of bringing it to your 
attention. But the offer is genuine. 
And so are the awards. 

If your idea for plywood turns out 
to have commercial value, we'll do 
what we can to help you develop and 
promote it. As per usual, the opinion 
of our judges (our own marketing 
and development staff) is final. 

Ready? 
Send your entry, on as many sheets 

of paper as you need (and include 
name, affiliation. or occupation, and 
address) to: Dept. Whatisit? Ameri
can Plywood Association, Tacoma, 
Washington 9840 I. 

AMERICAN PLYWOOD ASSOCIATION 

Plywood quality-tested by the Division For Product Approval. {� 
�::J 
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ror the engineer: 
The best ollwo worlds. 
Tacking along a windward shore or tackling a complex system 
analysis- both offer challenge to the creative man whose life and 
work must satisfy exciting demands. 

If this is the life you are looking for, we can offer such a 
rounded environment: Challenging job. Right location. The best 
of two worlds. 

As our name suggests, our business is electronic systems: 
total integrated packages for sea, ground, air and space 
applications - perform the toughest defense missions of the day. 

In addition to the Defense Department, our customers include 
other government agencies, leading aerospace and electronics 
contractors and many foreign governments. 

We serve these exacting customers well. Look at our sales and 

earnings growth. In 1966. sales were just over $123 million, 
after-tax earnings were $2.6 million plus. Last year, sales surpassed 
$181 million and earnings grew to $5.3 million. At present, we 
have one of the largest backlogs in company history. 

To sustain this rate of growth, we need the best specialists we 
can find - who seek to combine the best of two worlds and grow 
with us. Our programs range from undersea intelligence 
studies to electronic warfare to re-entry physics. We have 
opportunities for specialists in research, design, development, 
production and management. 

For more information on the exceptional career challenges 
please write: Bill Hickey, Supervisor of Professional Placement, 
P.O. Box 6118, Dallas, Texas 75222. An equal opportunity employer. 

L-TV EL-EC:: TR c::>SVSTE tvlS, 11'olC::. 
A SUSS/DIARY c)F LI"IG-TEfVfCO-VC::::>UGf-4'. ,"'<:::" 
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The blood you give today 
could save your great-great grandson's life. 

Science fiction? Not at all. For authorities believe that blood
or its red cells-can now be stored for a century or more and 
remain as good as the day when taken from a donor. 

This revolutionary prospect comes from advances in the 
new science of extreme cold, called cryogenics, 
pioneered by Union Carbide. 

Until recently, blood's red cells could be 
kept only 21 days under ordinary refriger
ation. But when frozen instantly and refrig
erated with the unearthly cold of liquid 
nitrogen (-320 degrees F.), red cells 
retain their life-saving properties 

indefinitely. 
This breakthrough makes possible the storage of vast 

supplies of blood so that even the rarest and most desper
ately needed types need never again be in short supply. 

Union Carbide helped perfect the equip
ment and procedures for blood preserva
tion by cryogenics. We've also developed 

many other uses for this new science. 
But none is more rewarding than keep

ing blood in readiness for today's 
needs. Or perhaps those of a century 

from now. 

THE DISCOVERY COMPA 

UNION 
CARBIDE 
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